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The demand for modern wireless communication systems with higher
data rates and improved quality of transmission (e.g., cellular, wireless Inter-
net, etc.) has dramatically grown in recent years. In this context, we explore
the use of multiple antennas both in the user’s cell phone/notebook and in the
base station/access point providing the wireless communications service, which
enables the use of the spatial and time dimensions to improve communication
performance. Space-time codes, for example, achieve high spectral efficiency,
mitigate fading, and thus improve the communication performance of wireless
systems. In particular, space-time block codes (STBCs) have the additional
advantage of low decoding complexity. STBCs from coordinate interleaved
orthogonal designs (CIODs) have received considerable attention due to their
full-diversity and single-symbol decodability for a system employing complex
signal constellations and more than two transmit antennas.
vii
In this dissertation, we comprehensively evaluate the performance of
STBCs from CIODs in quasi-static frequency-nonselective Nakagami-m fad-
ing channels. For the case of ergodic fading channels, average channel capacity
and average error rate are two representative performance measures. Thus, we
derive exact closed-form formulae for the average channel capacity and symbol
pairwise error rate of STBCs from CIODs. Moreover, the derived expression
for the upper bound on the symbol-error rate (SER) is used to obtain the
optimal angle of phase rotation that is required for STBCs from CIODs to
achieve full-diversity. Then, to evaluate the outage performance of STBCs
from CIODs, we derive very accurate closed-form approximations for the out-
age capacity and information outage probability (IOP). Comparison between
the performance measures of STBCs from CIODs and those of conventional
STBCs from generalized linear complex orthogonal designs (GLCODs) reveals
that STBCs from CIODs are superior to conventional STBCs from GLCODs.
Moreover, the derived SER-based and IOP-based asymptotic diversity orders
demonstrate that STBCs from CIODs provide full-diversity in the Nakagami
fading channel under consideration.
In addition, we present some useful techniques for STBCs from CIODs.
The “distortion index” is introduced to investigate the effects of time-selective
fading channels and channel estimation errors on STBCs, and thus to show
that STBCs from CIODs are more robust against the time-selectivity of fading
channels than other competitive STBCs. To overcome the time-selectivity of
fading channels, we also propose efficient decoding methods, particularly for
full-diversity full-rate (FDFR) STBCs from CIODs. Furthermore, we devise
a novel codeword construction rule to systematically generate FDFR STBCs
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In future wireless communication systems, increased spectral efficiency
(i.e., high data rate) and improved link reliability are two major challenges
to supply the demand for cellular, Internet, and multimedia services. Thus,
for future wireless systems to satisfy the users in the sense that the same
level of service as any wired systems will be provided, the wireless systems are
expected to be much more efficient than the existing wireless systems.
Recently, multiple-input multiple-output (MIMO) wireless communica-
tion technology has received significant attention due to its ability to achieve
high data rate transmission and robust performance over fading environments.
According to the information theoretic results in [1–3], capacity limits for
transmission over MIMO channels highlight the potential spectral efficiency,
which increases approximately linearly with the number of antennas under the
condition of ideal propagation.
In wireless communications, the emitted eletromagnetic waves often
suffer from fading caused by destructive superposition of multipath compo-
nents. It is known that diversity can provide the receiver with several indepen-
dent replicas of the transmitted signal such that more reliable communication
between the transmitter and the receiver is possible by reducing the probabil-
ity that all the replicas are simultaneously affected by severe attenuation and
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noise. Common forms of diversity are frequency diversity, where replicas of
the signal are transmitted over different frequencies, and time diversity, where
redundancy is produced by channel coding and interleaving methods. In re-
cent years, the use of antenna or spatial diversity has become popular, since
it can be provided without any loss in spectral efficiency. Receive diversity,
the use of multiple antennas at the receiver, has been well-studied due to the
fact that it is capable of extracting full diversity and array gains [4–6, and
references therein]. However, recently transmit diversity has gained more at-
tention, since in wireless applications, where it is difficult to employ multiple
antennas at the receiver (i.e., mobile set), it is easier and more cost effective
to use multiple antennas at the transmitter (i.e., base station) combined with
signal processing and coding to achieve diversity. The corresponding tech-
nique is known as space-time coding (STC), which is performed by mapping
information bits into parallel transmitted symbols across multiple transmit
antennas over a certain time duration such that it becomes possible to exploit
the MIMO channel fading and minimize transmission errors.
There are various approaches in STC architectures, including space-
time trellis codes (STTCs) [4, 6–13], space-time block codes (STBCs) [4, 6,
14–19], and layered space-time (LST) codes [3, 20–24]. The key issue in all
these technologies is to efficiently exploit the multipath effects to achieve high
spectral efficiency and high link quality. STTCs, first introduced by Tarokh et
al. [7], is known to mitigate the effects of fading and offer substantial spectral
efficiency, coding gain, and diversity improvement in frequency-nonselective
fading channels. Since the encoder of STTCs maps binary data to trans-
mission symbols, where the mapping procedure is described by a trellis dia-
gram, however, the decoder requires highly computationally complex trellis
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searching, the complexity of which increases exponentially with transmission
rate and diversity order. In [14], Alamouti proposed a remarkable transmit
diversity technique for two transmit antennas, which is much less complex
than STTCs (but at a cost of some performance loss compared with STTCs).
Due to its ability to achieve full-diversity full-rate1 transmission and simple
maximum-likelihood (ML) decoding without channel state information (CSI)
at the transmitter, it has been adopted as the transmit diversity technique
by current 3GPP standards [25]. Motivated by Alamouti code, Tarokh et al.
generalized this simple STBC to the case of more than two transmit antennas
by using the theory of orthogonal designs (ODs) [15, 16]. STBCs from ODs
have several attractive properties that enable full-diversity transmission to be
achieved and simple decoding can be also performed by a linear ML algorithm
(i.e., transmitted symbols can be decoded separately). Unfortunately, it was
proved that the square linear complex orthogonal design with full-diversity and
full-rate exists only for two transmit antennas (i.e., Alamouti code) [15–19,26].
In [27], Hassibi and Hochwald attempted to find linear STBCs that maximize
the mutual information between the transmitted and received signals, which
is called linear dispersion codes (LDCs). However, the codes only optimize
the ergodic channel capacity, which means that the optimum error rate per-
formance cannot be guaranteed. Thus, Heath and Paulraj presented a family
of LDCs based on frame theory, which are further optimized for error rate
performance [28].
In an effort to provide full-rate transmission for the system employing
complex-valued symbols and more than two transmit antennas, Jafarkhani
[29], Tirkkonen et al. [30–32], Papadias and Foschini [33,34], and Hou et al. [35]
1The definition of full-diversity full-rate is given in Section 2.1 (cf. Definition 2.1.1).
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proposed different types of STBCs from quasi-orthogonal designs (QODs) (also
known as quasi-orthogonal STBCs (QSTBCs)) with full-rate by relaxing the
orthogonality between all columns of a transmission codeword matrix. Their
codeword structures can perform double-symbol decoding due to their quasi-
orthogonality. For example, the transmission codeword matrix of size 4 × 4
can be divided into two groups and the transmitted symbols are decoded in
pairs. In addition, these STBCs from QODs have full-rate but partial diver-
sity, which is caused by a coupling term between the decoded symbols. That
is, the diversity order of STBCs from QODs for four transmit antennas and
one receive antenna is 2, which is half of the full-diversity of order 4. Thus,
to achieve full-diversity, several constellation-precoding (e.g., constellation ro-
tation) methods have been proposed in [36–40], and a nonlinear orthogonal
code was proposed in [41]. Specifically, STBCs from QODs with constellation
rotation are designed on the basis of the original STBCs from QODs, where
half of the input symbols are selected from a given constellation set while the
other half is selected from a phase-rotated version of the same constellation.
The optimum rotation angles for square lattice, equal-lateral triangular lat-
tice, and phase-shift keying constellations have been derived in [38, 39, 42], in
the sense of maximizing diversity product. With the optimum constellation
rotation methods, STBCs from QODs can achieve full-diversity, while still
retaining the symbol transmission rate and the decoding complexity of their
original counterparts. In [43,44], Khan et al. proposed another type of STBCs
from QODs with full-rate and double-symbol decoding, which are constructed
by linearly combining two distinct STBCs from complex orthogonal designs
(CODs). They showed that their proposed codes can achieve full-diversity
full-rate by utilizing the same constellation rotation technique as in [36–40].
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Despite the above advantages of STBCs from QODs, single-symbol
decodability still cannot be achieved. More recently, Yuen et al. [45–47] have
proposed a different type of STBCs from QODs combined with constellation
rotation method, which achieve full-diversity full-rate (in particular, for three
and four transmit antennas) with linear decoding complexity. Thus, the codes
are also known as quasi-orthogonal STBCs with minimum decoding complexity
(MDC-QSTBCs), where the double-complex-symbol decoding is reduced to
the double-real-symbol decoding that has the same complexity as the single-
complex-symbol decoding [45–47]. In [43,44,48–50], Khan et al. have proposed
STBCs from coordinate interleaved orthogonal designs (CIODs), which can
provide full-diversity full-rate transmission (in particular, for two, three, and
four transmit antennas) and single-symbol decoding, which are obtained by
combining transmit diversity techniques with signal space diversity techniques
(also called as modulation diversity) that was originally proposed for single
transmit antenna systems [51–57].
In addition to the spatial diversity techniques incorporating STTCs or
STBCs to improve link reliability, LST codes have been proposed to improve
throughput, which is also known as spatial multiplexing or Bell Laboratories
Layered Space-Time (BLAST) [3,20–24]. The key feature of LST codes is that
they transmit multidimensional signals in the space domain by one-dimension
processing steps. That is, NT information data streams are transmitted simul-
taneously in the same frequency band through NT transmit antennas. Then,
the receiver uses NR receive antennas with NR ≥ NT to separate and detect
the NT transmitted signals, where the detection procedure involves a combina-
tion of nulling processing and interference cancellation techniques. In the most
simple form known as Vertical-BLAST (V-BLAST), the detection procedure
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is similar to a decision-feedback detection, where the nulling and interference
cancellation operations are performed by the feedforward and feedback fil-
ters, respectively. However, due to the error propagation effect caused by the
feedback-type detection methods, degradation of error rate performance can-
not be avoided. To enhance the performance of V-BLAST, several detection
techniques have been proposed, such as ordered minimum mean square error
(MMSE) interference cancellation method, reduced-complexity ML detection
using sphere decoding algorithm, and so on [21–23,58–60].
1.2 Motivation
System performance measures over fading channels, commonly used in
wireless communications, include average error rates, ergodic channel capacity,
outage capacity, (mutual) information outage probability (IOP), etc., and play
important roles in describing the characteristics of a system operating over
fading channels. Nevertheless, in many cases, system performance evaluations
are carried out by means of simulations, which may be very time-consuming
and can often produce inaccurate results when an insufficient number of trials
trials are utilized. In addition to these reasons, to obtain insights into various
performance behaviors of a system, analytical performance evaluations are of
essential interest, particularly for the system designer who needs to predict
or estimate several system parameters and thus to devise an optimum design
strategy.
Depending on the observation of channel fading, the channel fading
process becomes either ergodic or non-ergodic. That is, for ergodic fading
channels, their moments (e.g., mean, variance, etc.) can be observed with
certainty, thus the associated system performance metrics can be also calcu-
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lated. If the channel fading is non-ergodic, the channel realization is performed
randomly and kept constant over a block transmission. Accordingly, system
performance measures can be categorized as follows.
1. Ergodic performance measures:
· Average channel capacity,
· Average error rates (e.g., bit-error rate (BER), symbol-error rate
(SER), frame-error rate (FER), etc.),
· Error rate based asymptotic diversity order.
2. Non-ergodic performance measures:
· Outage capacity,
· Effective signal-to-noise ratio (SNR) outage probability [25,61–63],
· Information outage probability (IOP),
· IOP-based asymptotic diversity order.
Our main goal in this dissertation is to comprehensively evaluate the
performance of STBCs from CIODs in ergodic and non-ergodic fading chan-
nels. Compared with several other STBCs, the STBCs from CIODs have at-
tractive features such as full-diversity transmission and low-complexity single-
symbol decodability for complex-valued symbols and more than two transmit
antennas. In particular, the maximum transmission code rate of STBCs from
CIODs is higher than or equal to that of STBCs from generalized linear com-
plex orthogonal designs (GLCODs) (cf. Section 2.2), as shown in Table 1.1
(also, refer to [44, 50]). Although it was proved in [17–19, 26, 44, 50] that
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Table 1.1: Transmission code rates of GLCODs and CIODs.
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the transmission code rates of STBCs from both GLCODs and CIODs de-
crease with the number of transmit antennas, the comparison between STBCs
from GLCODs and CIODs for the same antenna configuration with complex-
valued symbols and more than two transmit antennas, as observed in Table
1.1, reveals that STBCs from CIODs provide a higher transmission code rate
than STBCs from GLCODs, and thus STBCs from CIODs outperform STBCs
from GLCODs in terms of transmission code rate. In addition, the codeword
construction of STBCs from CIODs is relatively simpler than that of other
competitive codes (e.g., MDC-QSTBCs [45–47]). Due to these advantages of
STBCs from CIODs over conventional STBCs from GLCODs, they can be
adopted in a variety of future wireless communication standards. For exam-
ple, related codes have been adopted by IEEE 802.16e (also known as Mobile
WiMAX), as shown in [64] (e.g., refer to pp. 587-592). The analysis of the
properties inherent in the codeword of STBCs from CIODs and some cor-
responding performance evaluations were presented in [43, 44, 49, 50]. In this
dissertation, however, we focus on the analytical evaluation of the performance
measures over fading channels, since the development of an analytical frame-
work is of significant importance from a practical point of view as well as
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from a theoretical perspective. Furthermore, exact or accurately approximate
closed-form expressions for the performance measures lead to efficient and reli-
able performance evaluations that are essential to gain insight into the system
performance limits, while offering useful tools for accurate system design, ex-
amination, and improvement in various system environments. In particular,
we consider Nakagami-m fading channels throughout the dissertation, since
the Nakagami-m distribution is versatile, analytically tractable, and consis-
tent with experimentally measured data in a variety of fading environments.
That is, the Nakagami-m distribution is more flexible than the frequently used
Rayleigh and Rice distributions [5, 65–70]. The Nakagami-m distribution was
originally introduced to represent short wave propagation, thus it has been
used to evaluate the theoretical performance of ultra-wideband (UWB) (also,
combined with MIMO technology) systems [71–74]. Furthermore, in many
studies, such as in [75–82], the clustered MIMO channels or MIMO Rician
fading channels have been considered to model the realistic MIMO channels,
where spatial correlation exists and/or both line-of-sight (LOS) and non-LOS
components are present. For example, it is known that in some cases over spa-
tially correlated MIMO Rician fading channels, the diversity order becomes
infinity or is given by the rank of the fading correlation matrix [79]. However,
the Nakagami-m distribution can model a wide range of fading conditions by
adjusting its fading parameters. For instance, the Nakagami-m distribution
includes the Rayleigh distribution as a special case with m = 1. It is also a
good approximation of Rician fading, when m > 1, with one-to-one mapping
between the Nakagami fading parameter m and the Rician factor KR (cf. Sec-
tion 2.4). It is also known that the Nakagami-m distributions with large m
are similar to the log-normal distributions [73]. Due to these advantages of
the Nakagami-m distribution, several previous works on the performance anal-
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ysis of STBCs have adopted the Nakagami-m distribution [25, 83–86]. Thus,
in this dissertation, the Nakagami-m distribution is also used in most of the
presented performance evaluations. Although we consider spatially uncorre-
lated full-rank2 MIMO Nakagami fading channels owing to their versatility and
analytical tractability, the performance evaluation over more realistic MIMO
fading channels with spatial correlation would be an interesting and meaning-
ful topic for future research.
1.3 Summary of Contributions
In this dissertation, we first present the system and channel models
under consideration. Then, we derive exact or quite accurate closed-form for-
mulae for the ergodic performance measures (e.g., average channel capacity,
average SER, and SER-based asymptotic diversity order) and the non-ergodic
performance measures (e.g., outage capacity, IOP, and IOP-based asymptotic
diversity order) of STBCs from CIODs in quasi-static frequency-nonselective
Nakagami-m fading channels, which are presented in Chapters 3 and 4, respec-
tively. Finally, we provide some useful developments for STBCs from CIODs
in Chapter 5. Throughout this dissertation we assume the following.
- The fading channel is quasi-static within a codeword duration and varies
independently from one codeword to another (i.e., block fading with a
coherence interval that is equal to the codeword duration).
2For the case of MIMO Rician fading channel (i.e., LOS environment), the channel is
normally rank deficient due to the correlation between the LOS responses at the receiver.
In [75, 77, 82, and references therein], however, the authors pointed out that by employing
specifically designed antenna arrays, the received signals can be orthogonal, resulting in a
full-rank MIMO fading channel.
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- All the subchannels between transmit and receive antenna pairs are in-
dependent and identically distributed (i.i.d.).
- The perfect CSI is available at the receiver but unavailable at the trans-
mitter.
- Receiver noise is modeled as i.i.d. zero-mean complex circular Gaussian
random variables uncorrelated with the signals.
- The input symbol distribution for the outage performance measures is
taken to be Gaussian [79,87–89].
Our main contributions are summarized as follows.
• Average channel capacity (i.e., ergodic channel capacity) provides an up-
per bound on maximum transmission rate in a given Gaussian environ-
ment [90], which is also considered as an important performance measure
in ergodic fading channels. To evaluate the average channel capacities of
STBCs from CIODs as well as GLCODs, in Section 3.2, we derive exact
closed-form expressions, in terms of Meijer’s G-function [91–93], in quasi-
static frequency-nonselective Nakagami-m fading channels. We show
both analytically and numerically that when the STBCs from CIODs
consist of two component GLCODs with the same codeword structure,
their average channel capacity is equivalent to that of the component
GLCOD.
• In order for STBCs from CIODs to achieve full-diversity, both appropri-
ate constellation rotation applied to transmitted symbols and coordinate
interleaving between pairs of the symbols are required. Due to this en-
coding procedure, the derivation of an exact closed-form formula of the
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average SER is not a trivial task. Thus, in Section 3.3, we first derive an
accurate closed-form expression of the average symbol pairwise error rate
(SPER). Then, by using the formula, we derive tight union upper and
lower bounds on the SER. In addition, we use a series expansion tech-
nique to produce a simple approximate expression of the average SPER.
Furthermore, the derived formula is used to derive the optimum angle of
phase rotation for an arbitrary constellation. Compared to the existing
criterion for obtaining optimum rotation angles in terms of maximizing
coding gain in [44, 49, 50], the proposed criterion leads to marginal per-
formance improvement, since it is derived with respect to the average
SPER.
• A useful measure of the statistical behavior of channel capacity is the
outage capacity, which is often a more relevant measure than the aver-
age channel capacity, since it can describe the quality of the channel.
Hence, by using Gaussian approximation and Gamma approximation
techniques, we derive very accurate closed-form expressions for the out-
age capacity of STBCs from CIODs in Section 4.2.
• For non-ergodic fading channels, there is a non-zero probability that a
given information transmission rate cannot be supported by the chan-
nel, which is called the information outage probability (IOP). Hence, in
Section 4.3, high-SNR approximation and moment-matching approxima-
tion [94] techniques are proposed to obtain accurate closed-form approx-
imate formulae for the IOP of STBCs from CIODs.
• By using the derived expressions for the asymptotic and instantaneous
diversity orders with respect to SER and IOP, in Sections 3.3.3 and
12
4.4, we demonstrate that the diversity orders of STBCs from CIODs
asymptotically converge to mNT NR, where m is the Nakagmai fading
parameter, and NT and NR denote the numbers of transmit and receive
antennas, respectively. This result indicates that STBCs from CIODs
can achieve full-diversity.
• In time-selective fading channels, the conventional decoding method for
STBCs from CIODs produces an error floor in the high-SNR regime.
To overcome the performance degradation caused by the time-selective
fading, in Section 5.2.1, we propose two efficient decoding techniques,
particularly for full-rate STBCs from CIODs. Furthermore, in Section
5.2.2, we evaluate the effects of time-selective fading and imperfect chan-
nel estimation by utilizing a newly-introduced index, the results of which
demonstrate that full-rate STBCs from CIODs are more robust against
time-selective fading channels than conventional full-rate STBCs.
• In contrast to the existing codeword construction, we devise a novel
codeword construction method to systematically generate (full-diversity
full-rate) STBCs from CIODs, which are constructed in a recursive man-
ner starting from a simple CIOD of size 2 × 2.
1.4 Organization
The remainder of this dissertation is organized as follows. We first re-
view some theoretical background on STBCs in Chapter 2, where we present
the definitions and corresponding details of STBCs from both GLCODs and
generalized CIODs (GCIODs). In addition, the fading channel models under
consideration throughout this dissertation are described. In Chapter 3, we
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evaluate the performance of STBCs from CIODs in ergodic Nakagami-m fad-
ing channels. Specifically, the exact or very accurate approximate closed-form
expressions for the average channel capacity and the average SPER of STBCs
from CIODs are provided along with a numerical comparison with those of
STBCs from GLCODs. We also obtain the optimum angles of phase rotation
for STBCs from CIODs in various antenna configurations and channel condi-
tions. For outage performance analysis in non-ergodic channels, we derive the
very accurate approximate closed-form formulae for the outage capacity and
the IOP in Chapter 4. Moreover, we derive the SER-based/IOP-based asymp-
totic diversity orders to demonstrate the full-diversity achievability of STBCs
from CIODs. In Chapter 5, we investigate the effects of time-selective fading
channels and channel estimation errors on STBCs. In addition, two simple but
effective decoding methods for full-diversity full-rate STBCs from CIODs are
proposed. Furthermore, we devise the novel recursive codeword construction
method for full-diversity full-rate STBCs from CIODs. Finally, we conclude
this dissertation and suggest some future research topics in Chapter 6.
1.5 Notation
We use the following notation throughout this dissertation. The super-
scripts (·)∗, (·)T , and (·)H denote complex conjugate, transpose, and Hermitian
operations, respectively. 0M×N denotes the M × N all-zeros matrix. IM×N
denotes the identity matrix of size M × N . [P]i,j denotes the (i, j)th element
of matrix P. [P]i1:i2,j1:j2 denotes the submatrix obtained by extracting rows
i1 through i2 and columns j1 through j2 from matrix P. tr [Q], rank [Q], and
det [Q] denote the trace, rank, and determinant of matrix Q, respectively.
‖Q‖F stands for the Frobenius norm. diag {a} denotes the N × N diagonal
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matrix with a = [a1, ..., aN ] on the main diagonal. ⊗ stands for the Kronecker
tensor product. x ∼ CN (mx, σ2x) stands for a circular symmetric complex
Gaussian variable x with mean mx and variance σ
2
x. For real Gaussian ran-
dom variable a, we use the notation a ∼ N (ma, σ2a). z ∼ G (p, q) denotes the
Gamma distribution, where p and q represent a scale parameter and a shape
parameter, respectively. Pr [·] denotes the probability. E{·} and var (·) are
reserved for expectation and variance, respectively. {α} and 	{α} denote
the real and imaginary part of complex number α. 〈a〉K denotes a mod K
with the slight variation of notation as 〈K〉K = K. f (x) → g (x) denotes
an asymptotic equivalence between f (x) and g (x). That is, if there exist
non-zero constants r and s such that r ≤
∣∣∣f(x)g(x) ∣∣∣ ≤ s for small enough x (i.e.,
x → 0), then f (x) and g (x) are equivalent in the asymptote of small x.
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Chapter 2
System and Channel Models
In this chapter, we briefly overview the necessary background for STBCs
that have been reported in the literature. The focus is on STBCs from both
GLCODs and GCIODs, which are the two main space-time coding architec-
tures, for performance evaluation and comparison in this dissertation. We
further introduce the channel models under consideration. In fact, the range
of the research area for STBCs is certainly much broader than revealed here.
Thus, the interested reader is referred to [4–6,66,68,95] and references therein.
2.1 Introduction
We consider a MIMO wireless communication system equipped with NT
transmit antennas and NR receive antennas. For quasi-static fading channels,





hnlstl + vnt, (2.1)
where hnl represents the channel path gain from the l
th transmit antenna to the
nth receive antenna, stl denotes the symbol transmitted from the l
th transmit
antenna at time t, and vnt corresponds to the noise sample at the n
th receive
antenna at time t. These noise samples are modeled as i.i.d. complex circular
Gaussian random variables with vnt ∼ CN (0, σ2v). For a transmission codeword
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matrix S = {stl; 1 ≤ t ≤ T, 1 ≤ l ≤ NT} of size T × NT , the input-output
relationship within a codeword duration T can be expressed in matrix form as
R = HST + V, (2.2)
where R = {rnt; 1 ≤ n ≤ NR, 1 ≤ t ≤ T} is the NR×T received signal matrix,
H = {hnl; 1 ≤ n ≤ NR, 1 ≤ l ≤ NT} is the NR × NT MIMO channel matrix,
and V = {vnt; 1 ≤ n ≤ NR, 1 ≤ t ≤ T} is the receiver noise matrix of size
NR ×T . In addition, the following average power constraint is imposed on the
transmitted signals
E
{‖S‖2F} = TNT , (2.3)
and the average signal-to-noise ratio (SNR) per receive antenna is ρ = Es/σ
2
v ,
where Es is the total transmitted power on the NT transmit antennas per
symbol duration.
In general, an encoding procedure of STBCs can be seen as a way of
mapping a set of K complex data symbols {s1, ..., sK} from constellation A
onto a space-time codeword matrix S as
{s1, ..., sK} ⇒ S, (2.4)
which is interpreted that K complex symbols are transmitted over T symbol
time durations. Thus, a transmission code rate is defined as Rc = K/T .
With perfect channel state information (CSI) at the receiver, the deci-
sion rule for maximum-likelihood (ML) decoder is to minimize the metric
M = tr
[(
R − HST ) (R − HST )H] = ∥∥R − HST∥∥2
F
(2.5)
over all possible transmitted signal sets {s1, ..., sK}.
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In [4,6–8,44,50], two performance criteria for space-time coding archi-
tectures were presented by examining the pairwise error probability between
two distinct codeword matrices. Considering the two distinct matrices S and
S̄ (i.e., S = S̄) in the code book, we define the codeword difference matrix D
and the codeword distance matrix D̄ as D = S −S̄ and D̄ = (S −S̄)(S −S̄)H ,
respectively. Then, the performance criteria are given as
• Rank Criterion: The rank criterion refers to the spatial diversity ex-
tracted by a space-time code and the diversity advantage is defined as
the minimum rank of the matrices D over all possible pairs of codewords
in the code book. In order to achieve full-diversity in quasi-static fading
channels, the matrices D have to be full-rank (i.e., rank (D) = NT ) for
all possible pairs in the code book. We assume here that T ≥ NT . If
T = NT , the rank criterion could be simplified. That is, for full-diversity,
det [D] = 0 for all possible pairs in the code book.
• Determinant Criterion: After ensuring full-diversity from the rank cri-
terion, the determinant criterion is used to optimize coding gain that






, where λi, i = 1, ..., r are the non-zero




Therefore, we obtain the following definition of full-diversity full-rate
(FDFR) STBCs under the Rayleigh fading assumption.
Definition 2.1.1 (FDFR STBC). Consider a STBC that transmits K com-
plex symbols over T symbol time intervals and employs NT transmit anten-
nas, NR receive antennas, and ML decoding at the receiver. Then, the STBC
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achieves full-diversity full-rate transmission, if and only if its transmission
code rate Rc and diversity order dc satisfy, respectively,
Rc = 1 and dc = NT NR. (2.6)
In addition, we provide another definition that characterizes the ML
decoding of STBCs.
Definition 2.1.2 (Single- or double-symbol decodability [44, 50]). A
STBC is single-symbol decodable such that the ML decoding metric in (2.5)
can be represented as a square of several terms, each depending on only one
indeterminate. When the square of several terms obtained by decomposing
(2.5) are dependent on each pair of two indeterminates, the code is double-
symbol decodable.
2.2 STBCs from GLCODs
STBCs from GLCODs have been extensively studied in [15–19,26,32,44,
50]. Thus, in this section, we briefly present the definition and corresponding
important features of GLCODs without detailed proofs. We refer the reader
to [15–19,26,32,44,50] and references therein.
We start by introducing the definition of GLCODs.
Definition 2.2.1 (GLCODs). A GLCOD with transmission codeword matrix
O (s1, ..., sK) of size T ×NT and transmission code rate Rc = K/T is such that
the entries of O are complex linear combinations of 0,±s1, ...,±sK and their
conjugates, and OHO = D, where D is a diagonal matrix, entries of which
are a linear combination of |si|2 > 0, i = 1, ..., K.
19
With some constraints to be discussed in the following, linear com-
plex orthogonal designs (LCODs), complex orthogonal designs (CODs), and
orthogonal designs (ODs) for STBCs can be also defined as follows.
Definition 2.2.2 (LCODs). For a GLCOD defined in Definition 2.2.1, trans-
mission codeword matrix O is called a LCOD, when K = NT = T .
Definition 2.2.3 (CODs). For a GLCOD defined in Definition 2.2.1, O
is called a COD, when it consists of {0,±s1, ...,±sK}, their conjugates, and
multiples of them by j =





Definition 2.2.4 (ODs). A STBC from OD is easily generated by replacing
si in a COD O with xi that are drawn from a constellation A.
By virtue of the scalar nature of the effective channel of STBCs from
GLCODs, a MIMO channel (i.e., H in (2.2)) can be transformed into an equiv-
alent single-input single-output (SISO) channel with a channel gain 1
Rc
‖H‖2F
[25, 44, 50, 83–85, 96–99]. Thus, we obtain the following theorem for this de-
coupling property.
Theorem 2.2.1 (Decoupling Property and Effective SNR of STBCs
from GLCODs). Before ML decoding at the receiver, the input-output rela-
tionship for each transmitted symbol si, i = 1, ..., K of STBCs from GLCODs




‖H‖2F si + ṽi, i = 1, ..., K, (2.7)






are the received signal and noise sample
obtained from some appropriate decoding procedures of the received matrix R
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and noise matrix V in (2.2), respectively. From this, we obtain the effective















where Esymbol denotes the average symbol power and ρ = Es/σ
2
v.
Due to the decoupling property of STBCs from GLCODs, their ML
decoding reduces to simple linear decoding structure. That is, the ML metric
M in (2.5) can be decomposed into K independent metrics that are only a
function of si, i = 1, ..., K (i.e., single-symbol decodable). Hence, the following
ML decoding rule is given for STBCs from GLCODs.
Theorem 2.2.2 (ML Decoding Rule of STBCs from GLCODs). With
perfect CSI at the receiver, the ML decoding of STBCs from GLCODs amounts
to minimizing each decision metric for si, i = 1, ..., K separately, and thus
choosing











∣∣∣∣2 , i = 1, ..., K. (2.9)
Furthermore, the decoupling property and effective SNR in Theorem
2.2.1 can be used to derive the mutual information (i.e., instantaneous non-
ergodic capacity) of STBCs from GLCODs.
Theorem 2.2.3 (Mutual Information of STBCs from GLCODs). The
mutual information in bps/Hz achieved by a STBC from GLCOD over fading
channels is given as














Now, we provide some examples of well-known STBCs from GLOCDs
with a different number of transmit antennas and a different value of trans-
mission code rate.
Example 2.2.1 (Alamouti Code for NT = 2). In [14], Alamouti devised the
most prominent representative of STBC from GLCODs, the so-called Alamouti








This encoder transmits two symbols in two consecutive symbol time intervals
from two transmit antennas. Thus, the transmission code rate is Rc = 2/2 = 1
(i.e., full-rate transmission). In addition, the codeword matrix (2.11) has the
following property
OH2 O2 =
[ |s1|2 + |s2|2 0
0 |s1|2 + |s2|2
]
=
(|s1|2 + |s2|2) I2×2, (2.12)
and the transmit sequences from the two transmit antennas (i.e., o21 = [s1,−s∗2]T
and o22 = [s2, s
∗
1]
T ) are orthogonal, since oH21o22 = o
H
22o21 = 0. Considering NR
receive antennas, the received signal matrix can be expressed from (2.2) as⎡






















































































, are orthogonal to one another. Thus, by the channel-matched






n=1 |hn1|2 + |hn2|2 0
0
∑NR












Therefore, two transmitted symbols, s1 and s2, are completely decoupled, so
that single-symbol ML decoding is possible as shown in (2.9).
In order to demonstrate that the Alamouti code can achieve the full-
transmit diversity of order 2, first let us consider two distinct codeword ma-
trices O2 (s1, s2) and Ō2 (s̄1, s̄2) with (s1, s2) = (s̄1, s̄2). Then, the codeword
distance matrix D (O2, Ō2) is given by
D (O2, Ō2) = (O2 − Ō2) (O2 − Ō2)H
=
[ |s1 − s̄1|2 + |s2 − s̄2|2 0
0 |s1 − s̄1|2 + |s2 − s̄2|2
]
, (2.16)
which indicates that the distance matrices of any two distinct codeword ma-
trices have a full-rank of order 2. Namely, the Alamouti code can achieve
full-diversity gain of order 2. We also obtain the determinant (powered by
1/NT ) of D
(O2, Ō2) as
det
[D (O2, Ō2)]1/NT = det [(O2 − Ō2) (O2 − Ō2)H]1/NT
=
∣∣det [(O2 − Ō2)]∣∣2/NT
= |s1 − s̄1|2 + |s2 − s̄2|2 (2.17)
This can be used to obtain the coding gain achieved by Alamouti code from
the determinant criterion in Section 2.1.
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As a consequence, the Alamouti code can achieve full-diversity full-
rate transmission along with single-symbol decodability. The authors in [15–
19,26] proved that full-rate (i.e., rate-1) STBCs from GLCODs with a complex
constellation exist only for NT = 2.
Example 2.2.2 (Some STBCs from GLCODs). For three and four trans-





















s1 s2 s3 s4
−s2 s1 −s4 s3
−s3 s4 s1 −s2








−s∗2 s∗1 −s∗4 s∗3
−s∗3 s∗4 s∗1 −s∗2















⎥⎥⎦ and O4,3/4 =
⎡
⎢⎢⎣
s1 s2 s3 0
−s∗2 s∗1 0 s3
−s∗3 0 s∗1 −s2
0 −s∗3 s∗2 s1
⎤
⎥⎥⎦ . (2.19)
We can observe that both O3,1/2 and O3,3/4 are easily constructed by elimi-
nating the last column of O4,1/2 and O4,3/4, respectively. In addition to the
above codes, there have been several efforts to design STBCs from GLCODs
[15–18, 26, 27, 32, 41, 101]. But, the transmission code rates of all the codes
therein are still less than 1 (i.e., Rc < 1) for complex-valued symbols and
more than two transmit antennas.
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2.3 STBCs from GCIODs
In this section, we provide an overview of STBCs from GCIODs. The
properties and corresponding details of STBCs from GCIODs are presented
in [43,44,48–50]. Thus, the detailed proofs are omitted here.
In short, STBCs from GCIODs can achieve full-diversity with the help
of signal space diversity techniques [51–57]. That is, when combined with sig-
nal space diversity techniques, the achievable diversity order can be improved
to twice the diversity order of conventional spatial diversity techniques. Thus,
we first briefly introduce the basic concept of signal space diversity.
In general, signal space diversity is defined as the minimum number of
different components between any two distinct constellation points, which was
originally proposed to achieve a diversity gain for a single transmit antenna
system with multidimensional modulations. Two key features of signal space
diversity are 1) properly rotating the constellation and 2) interleaving over co-
ordinates. Specifically, by applying a certain phase rotation to the 2-D constel-
lation and transmitting the in-phase and quadrature components separately
over fading channels, we can achieve a diversity gain of order 2. Additionally,
interleaving and de-interleaving procedures of the signals in each coordinate
are required to assume that the in-phase and quadrature components of the
received signals experience statistically independent fading channels. For any
two points in the constellation to achieve the maximum number of distinct
components, the optimum angle of phase rotation for typical signal constella-
tions should be obtained. Then, the optimum phase rotation can fully achieve
the signal space diversity gain and thus minimize the error rate of the system.
As an example, Fig. 2.1 illustrates the effects of constellation rotation
and coordinate interleaving on a 4-QAM constellation. As seen from Fig. 2.1-
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Figure 2.1: Signal space diversity. (a) Original 4-QAM. (b) Rotated 4-QAM.
(c) Expanded signal sets.
(b), when a deep fade affects one component of the transmitted signal, the
compressed constellation (empty circles) provide more protection against the
effects of noise, because no two points collapse simultaneously as shown in Fig.
2.1-(a). After the constellation rotation, the coordinate interleaving between
two constellation points results in the signal set expansion as seen from Fig.
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2.1-(c). This signal set expansion of the coordinate interleaved signal provides
more room for the constellation points, which makes it possible to increase
the distance between the constellation points and thus improve the error rate
performance over fading channels. This type of diversity technique can be
effectively applied to the various types of diversity techniques (e.g., STBCs)
to improve their total diversity gain. In particular, among the combined signal
space diversity and transmit diversity techniques, STBCs from GCIODs are
considered as a very prominent and efficient technique to achieve full-diversity
for multiple antenna systems.
Now, we provide formal definitions of GCIODs and CIODs.
Definition 2.3.1 (GCIODs [44,49,50]). A GCIOD S (s1, ..., sK) (where K
is even) of size T × NT and code rate Rc = K/T in variables si, i = 1, ..., K








of size T1 ×
NT1, T2 × NT2, and code rates Rc1 = K/2T1, Rc2 = K/2T2, respectively, such
that
S (s1, ..., sK) =




) ] , (2.20)
where T1 + T2 = T , NT1 + NT2 = NT , and s̃i = {si} + j	{s〈i+K/2〉K} =
siI + js〈i+K/2〉KQ, i = 1, ..., K are coordinate interleaved variables of complex
variables si.




and O (s̃K/2+1, ..., s̃K) are two different but same codeword-structured GLCODs
of the same size T/2×NT /2 and the same code rate Rc = (K/2)/(T/2) = K/T
with the same coordinate interleaving procedure as in GCIODs), a (symmetric)
CIOD S (s1, ..., sK) of size T × NT is defined by
S =




) ] . (2.21)
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The above codeword structure of GCIODs (as well as CIODs) allows the
receiver to perform a single-symbol decoding [44, 48–50]. However, to achieve
full-diversity, the transmitted symbol si from a constellation A is required to
be properly rotated. The encoding procedure is summarized as follows.
1. Information bits are mapped into complex information data symbols
xi = xiI + jxiQ, i = 1, ..., K from a constellation A, where xiI = {xi}
and xiQ = 	{xi}.
2. The mapped complex symbols xi = xiI+jxiQ are rotated by θ to generate







cos θ sin θ






For a square lattice constellation (e.g., square M -QAM) , the optimum
phase rotation is given as θopt =
arctan(2)
2
= 31.7175◦, which maximizes
coding gain defined by [44,49,50].
3. The transmitted complex symbols s̃i are generated by coordinate inter-
leaving as s̃i = siI + js〈i+K/2〉KQ, i = 1, ..., K.
This encoding procedure reveals that all the data symbols si, i = 1, ..., K are
transmitted over all the transmit antennas within the duration of a transmis-
sion codeword matrix, which implies that both the real and imaginary parts
of the symbols are contaminated by random but uncorrelated fading channels
and noises. At the receiver, decoupling of received symbols is performed by
coordinate de-interleaving, thus a single-symbol decodability can be achieved.
We refer the reader to [44,49,50,102,103] for a more detailed decoding proce-
dure.
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We note that throughout this dissertation we focus on STBCs from
(symmetric) CIODs, since the codes are analytically more tractable than
STBCs from GCIODs and cover large parts of STBCs from GCIODs. Due
to these reasons, hereafter we provide some important properties of STBCs
from CIODs.
Similarly to the case of STBCs from GLCODs in Section 2.2, the de-
coupling property and effective SNR at the receiver for STBCs from CIODs
can be obtained as follows.
Theorem 2.3.1 (Decoupling Property and Effective SNR of STBCs
from CIODs). Before ML decoding at the receiver, the input-output relation-





‖Hα‖2F siI + j
1
Rc
||Hβ||2F siQ + v̄iI + jv̄iQ, 1 ≤ i ≤ K, (2.23)
where {
‖Hα‖2F = ‖H1‖2F , ||Hβ||2F = ‖H2‖2F , 1 ≤ i ≤ NT2






























In addition, from the noise pre-whitening and de-interleaving procedures, the




‖Hα‖F siI + j
1√
Rc
‖Hβ‖F siQ + ṽiI + jṽiQ, 1 ≤ i ≤ K, (2.25)









Accordingly, the effective instantaneous SNR at the receiver is given by
γCIOD =
‖Hα‖2F EsI + ‖Hβ‖2F EsQ
RcNT σ2v
, (2.26)
where Es = EsI + EsQ is the total transmitted power on the NT transmit
antennas per symbol duration, EsI and EsQ denote the average power of the
in-phase and quadrature components, respectively, of the transmitted signals.
From the above decoupling property of STBCs from CIODs, their
single-symbol ML decoding rule can be obtained as follows.
Theorem 2.3.2 (ML Decoding Rule of STBCs from CIODs [44, 50,
102]). With perfect CSI at the receiver, the ML decoding rule of STBCs from
CIODs is to minimize each decision metric for si, i = 1, ..., K separately, and
thus to choose












∣∣∣∣r̄〈i+K/2〉KQ − 1Rc ‖Hβ‖2F sQ
∣∣∣∣2
]
, i = 1, ..., K,
(2.27)
or from (2.25)
ŝi = arg min
s∈ejθA=Ã
[∣∣∣∣r̃iI − 1√Rc ‖Hα‖F sI
∣∣∣∣2
+
∣∣∣∣r̃〈i+K/2〉KQ − 1√Rc ‖Hβ‖F sQ
∣∣∣∣2
]
, i = 1, ..., K. (2.28)
Furthermore, from the transmission codeword structure of CIODs in
(2.21), where the two component GLCODs (i.e., O(s̃1, ..., s̃K/2) and O(s̃K/2+1,
..., s̃K)) within a CIOD are separated in time and each GLCOD undergoes
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spatially different channels, the mutual information achieved by CIODs can
be also obtained.
Theorem 2.3.3 (Mutual Information of STBCs from CIODs). For
a STBC from CIOD defined by Definition 2.3.2, its mutual information in





















where H1 and H2 are mutually uncorrelated.
For the convenience of understanding, we present some representative
STBCs from CIODs.
Example 2.3.1 (Full-Diversity Full-Rate CIODs). According to [50,
Theorem 27], full-diversity full-rate (FDFR) STBCs from CIODs with single-
symbol decodability exist only for NT = 2, 3, 4. Their transmission codeword
matrices are represented as














S4 (s1, ..., s4) =
⎡
⎢⎢⎣
s̃1 s̃2 0 0
−s̃∗2 s̃∗1 0 0
0 0 s̃3 s̃4
0 0 −s̃∗4 s̃∗3
⎤
⎥⎥⎦ , (2.30)
where S3 is obtained by deleting the last column of S4.
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Example 2.3.2 (Full-Diversity Rate-3/4 CIODs for NT = 5, 6, 7, 8). By
adopting the full-diversity rate-3/4 GLCOD given in (2.19) as a component
code of a CIOD, we obtain a full-diversity rate-3/4 STBC from CIOD for
NT = 8. Its transmission codeword matrix is given by
S8 (s1, ..., s6) =
[ O4,3/4 (s̃1, s̃2, s̃3) 04×4





s̃1 s̃2 s̃3 0 0 0 0 0
−s̃∗2 s̃∗1 0 s̃3 0 0 0 0
−s̃∗3 0 s̃∗1 −s̃2 0 0 0 0
0 −s̃∗3 s̃∗2 s̃1 0 0 0 0
0 0 0 0 s̃4 s̃5 s̃6 0
0 0 0 0 −s̃∗5 s̃∗4 0 s̃6
0 0 0 0 −s̃∗6 0 s̃∗4 −s̃5




By eliminating three, two, and one columns of the codeword matrix in (2.31),
full-diversity rate-3/4 CIODs for NT = 5, 6, 7 can be easily obtained.
2.4 Nakagami-m Fading Channel Model
The channel mainly considered in this dissertation is a quasi-static
frequency-selective i.i.d. Nakagami-m fading channel. For a MIMO communi-
cation system equipped with NT transmit antennas and NR receive antennas,
hnl for 1 ≤ l ≤ NT and 1 ≤ n ≤ NR denote the channel path gains from
the lth transmit antenna to the nth receive antenna. In general, the channel
coefficients are represented as hnl = ηnle
jϑnl , where ϑnl denotes the phase uni-
formly distributed over [0, 2π) and ηnl = |hnl| is a Nakagami distributed signal
envelope with a probability density function (PDF) [5, 65,67–70]











U (η) , mnl ≥ 0.5,
(2.32)
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where Γ (x) =
∫∞
0
tx−1e−tdt is the complete Gamma function [91], U(x) is the
unit step function, mnl denotes the Nakagami fading parameter that describes







} = mnl ≥ 0.5. From the i.i.d. fading channel condition, we
assume mnl = m and Ωnl = Ω = 1 for all n and l. The Nakagami-m distribu-
tion, via the fading parameter m, can cover a wide range of fading conditions.
The Nakagami fading for m = 0.5 represents the one-sided Gaussian fading.
The Nakagami fading channel with m = 1 is identical to the Rayleigh fading
channel, while m > 1 indicates that there exists a line-of-sight or a specular
component. When m → ∞, the channel is close to the AWGN channel. The
Rician fading channel can be well approximated through the relation between








, m > 1. (2.33)
Letting unl = η
2
nl and recalling that ηnl for all n and l are i.i.d. Nak-
agami distributed random variables, unl follows a Gamma distribution denoted
by unl ∼ G (p, q), where p and q represent a scale parameter and a shape param-
eter, respectively, with the relation between them and Nakagami parameters
as p = Ω
m
and q = m. Then, the PDF of unl is given as [5, 65,67–70]





p U (u) . (2.34)
Regarding the Gamma distribution, we provide several useful lemmas as fol-
lows.
Lemma 2.4.1. For x ∼ G (p, q), the mean and variance of a Gamma random
variable x are given by
E {x} = pq and var (x) = p2q. (2.35)
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Lemma 2.4.2. For x ∼ G (p, q), y = cx, c > 0 is also a Gamma random
variable with the distribution
y ∼ G (cp, q) . (2.36)
Lemma 2.4.3. If x1, x2, ..., xL are i.i.d. Gamma random variables with com-
mon parameters p and q, z = x1 + · · ·+ xL is a Gamma random variable with
the distribution
z ∼ G (p, qL) . (2.37)
All the proofs of the above three lemmas are presented in [5, 69,70].
2.5 Conclusions
In this chapter, we provided the system and channel models under con-
sideration throughout this dissertation. We briefly reviewed the fundamental
features of STBCs, in particular, from GLCODs and GCIODs. In addition,
we described analytical expressions associated with Nakagami-m fading chan-
nels and introduced three lemmas for later use. Based on these results, we
will evaluate several important performance measures of STBCs from CIODs
over quasi-static frequency-nonselective Nakagami-m fading channels in the




Ergodic Performance of STBCs from CIODs
In this chapter, we investigate the performance of STBCs from CIODs
in ergodic quasi-static frequency-nonselective Nakagami-m fading channels.
Our research efforts are concentrated on deriving exact closed-form expressions
for the performance measures such as average channel capacity and SPER. In
particular, the derived formula for the SPER is used to obtain the union upper
and lower bounds on the SER, which can be also used to obtain the optimal
angle of phase rotation that is required for STBCs from CIODs to achieve
full-diversity. Furthermore, we derive a SER-based asymptotic diversity order,
which verifies that STBCs from CIODs can achieve full-diversity.
3.1 Introduction
For an ergodic fading channel, average channel capacity and average
error rate are typical performance measures of interest. Thus, significant re-
search effort has been directed toward STBCs to assess their performance in
various scenarios. Shin and Lee derived the exact SER of STBCs from ODs
with standard PSK and square M -QAM modulations over Rayleigh fading
channels in [98]. They extended it to the case of uncorrelated rank-deficient
Nakagami fading channels in [83]. Approximate expressions for the bit-error
rate (BER) of STBCs from ODs in correlated fading channels are found in [84].
A union bound on the SER of STBCs was presented in [97]. Based on the
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moment generating function of the Gaussian tail function, Taricco and Biglieri
presented in [104] a general form of pairwise error rate (PER) for space-time
codes. In [25, 61], Maaref and Aissa derived the ergodic capacity for STBCs
from ODs in Rayleigh fading channels with power- and rate-adaptive transmis-
sion and presented closed-form expressions for the SER in spatially correlated
Nakagami fading channels. Similar works were also independently performed
by Zhang et al. in [85, 99]. In [105], Younkins et al. presented the robustness
of space-time coding techniques for both temporally and spatially correlated
fading channels. In particular, they provided a general space-time covariance
model to evaluate the PER of STBCs, which is used in conjunction with the
union bound to obtain an upper bound for the block-error rate (BLER).
Although there have been numerous research efforts to evaluate the
performance of STBCs from various ODs, very little previous work has been
undertaken on the ergodic performance analysis of STBCs from CIODs over
fading channels. More recently, an expression for the SPER of STBCs from
CIODs was presented in [102], but it is expressed in integral form and evaluated
only for the case of Rayleigh fading channels. Also, the asymptotic diversity
order achieved by the STBCs from CIODs was not analytically evaluated. A
similar work was also performed in [103], however, where the SER performance
analysis of STBCs from CIODs is restricted to systems with two and four
transmit antennas in Rayleigh fading channels.
Therefore, in this chapter, we derive exact closed-form formulae for
the average channel capacity and SPER achieved by STBCs from CIODs op-
erating over quasi-static frequency-nonselective Nakagami-m fading channels.
For the average channel capacity, applying the idea in [106,107], where the au-
thors presented closed-form expressions in terms of Meijer’s G-function [91–93]
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for the average channel capacity of single-branch receivers, we first derive a
closed-form formula for the average channel capacity of STBCs from GLCODs.
By using the fact that CIODs consist of two component GLCODs, an exact
closed-form formula for the average capacity of STBCs from GCIODs is de-
rived. Furthermore, we also present a closed-form expression for the average
capacity of STBCs from ABBA-type quasi-orthogonal designs (QODs)1 with
minimum decoding complexity (MDC-ABBA) [45–47, 108], since the MDC-
ABBA is also constructed by two component GLCODs (even, in a different
way from GCIODs).
The transmitted symbols of STBCs from CIODs are decoupled at the
receiver through de-interleaving and decoding procedures. Based on this prop-
erty, we derive an accurate closed-form analytical expression for the average
SPER. Then, by using that formula, a tight union upper bound and a (rel-
atively loose) lower bound on the SER are presented. In addition, based on
the derived formula, we propose a new criterion for obtaining the optimum
angle of phase rotation for an arbitrary constellation. Finally, we demon-
strate that the SER-based asymptotic diversity order is mNT NR. This implies
that the STBCs from CIODs provide full-diversity in quasi-static frequency-
nonselective i.i.d. Nakagami-m fading channels.
The rest of this chapter is organized as follows. In Section 3.2, exact
closed-form expressions for the average channel capacity of STBCs from both
GLCODs and CIODs are derived in terms of Meijer’s G-function. To verify
1STBCs from ABBA-type QODs can be briefly described as follows [30,45–47,108]. Let
OA and OB be the two STBCs from GLCODs of size T/2×NT /2 (cf. Definition 2.2.1). Then,
the transmission codeword matrix for the STBCs from ABBA-type QODs of size T×NT with
K data symbols is defined by QABBA =








the exactness of the derived formulae, some numerical results are provided.
In Section 3.3, the error rate performance analyses are examined. In its sub-
sections, the exact closed-form expression for the SPER, and the union upper
and lower bounds of the SER are derived. In addition, the optimum angles of
phase rotation for some typically used constellations are obtained. Further-
more, the SER-based asymptotic diversity order is derived. The preciseness of
the analytical derivations is also verified through the Monte-Carlo simulation
method for various antenna configurations and different channel conditions.
Finally, conclusions are drawn in Section 3.4.
3.2 Average Channel Capacity
3.2.1 Maijer’s G-Function and Some Useful Representations
The Meijer’s G-function is a generalization of the generalized hyperge-
ometric function, which can be reduced to simpler special functions in many
common cases. The Meijer’s G-function can be defined by the following con-










i=1 Γ (bi − s)
∏n
i=1 Γ (1 − ai + s)∏q
i=m+1 Γ (1 − bi + s)
∏p






i=1 Γ (bi + s)
∏n
i=1 Γ (1 − ai − s)∏q
i=m+1 Γ (1 − bi − s)
∏p
i=n+1 Γ (ai + s)
x−sds, (3.1)
where z, {a1, ..., an, an+1, ..., ap}, and {b1, ..., bm, bm+1, ..., bq} are generally com-
plex-valued.
In some special cases, the exponential and logarithmic functions can be
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expressed by the Meijer’s G-functions as follows [109,110].
e−zzb = G1,00,1 [z |b ]
za−1 log (1 + z) = G1,22,2
[
z
∣∣∣∣ a, aa, a − 1
]
. (3.2)
By using (3.2) and [111], we obtain the following useful representation
[106,107] ∫ ∞
0







∣∣∣∣ 1, 11, 0
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∣∣∣∣ −a, 1 − a0,−a,−a
]
. (3.3)
We note that the Meijer’s G-function is implemented in most of the well-
known mathematical software packages, such as MATHEMATICA, MAPLE,
etc.
3.2.2 Closed-Form Expressions for Average Channel Capacity
The decoupling property of the signals transmitted from different an-
tennas enables the STBCs from GLCODs to transform a MIMO channel into
an equivalent Gaussian single-input single-output (SISO) channel, as shown in
Theorem 2.2.1.
From Theorem 2.2.3, the average channel capacity of STBCs from
GLCODs in bps/Hz can be expressed as



















fζ (ζ) dζ, (3.4)
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. Thus, by replacing (2.34) into (3.4)
and using (3.3), the average channel capacity of STBCs from GLCODs in
quasi-static frequency-nonselective i.i.d. Nakagami-m fading channels can be
evaluated in closed-form as follows.







































∣∣∣∣ 1, 11, 0
]












∣∣∣∣ −mNT NR, 1 − mNT NR0,−mNT NR,−mNT NR
]
. (3.5)
The average channel capacity of STBCs from CIODs can be represented
by the average channel capacities of its two component GLCODs as [50]











































the above evaluations, we obtain the following theorem with respect to the
average channel capacity of STBCs from CIODs.
Theorem 3.2.1 (Average Channel Capacity of STBCs from CIODs).
For a STBC from CIOD with NT , NR, and Rc in quasi-static frequency-
nonselective i.i.d. Nakagami-m fading channels, the average channel capacity
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is expressed as

























Proof. From (3.3) and (3.6), the derivation of (3.7) is straightforward. Thus,
we omit the proof here.
Comparing (3.7) with (3.5), we can find that CCIOD (NT , NR, Rc, ρ)
= CGLCOD (NT /2, NR, Rc, ρ), when the CIOD is composed of the GLCOD.
Furthermore, it is demonstrated in [108] that the average channel capacity
of ABBA/MDC-ABBA codes [45–47, 108] is equivalent to that of their com-
ponent GLCOD (i.e., CABBA (NT , NR, Rc, ρ) = CMDC−ABBA (NT , NR, Rc, ρ) =
CGLCOD (NT /2, NR, Rc, ρ)). Therefore, CCIOD (NT , NR, Rc, ρ) = CABBA (NT ,
NR, Rc, ρ) = CMDC−ABBA (NT , NR, Rc, ρ), provided that they are constructed
by the same component GLCODs. A similar result is given in [50] by Monte-
Carlo simulations.
3.2.3 Numerical Results
In this subsection, numerical results and some comparisons are pre-
sented to examine the exactness of the derivations given in the previous sub-
section and to show the effects of antenna configuration and Nakagami fading
parameter m on the average channel capacity of STBCs. Hereafter, for com-
parison, we consider the rate-3/4 and -1/2 GLCODs [11, 30–32, 100] and the
rate-1 and -3/4 CIODs [44, 50] for NT = 4 and 8. We note that the consid-
ered GLCODs can be called as CODs, from the definitions and corresponding
details in [50, Definition 3].
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GLCOD (4, 1, 3/4): Simul.
GLCOD (4, 4, 3/4): Simul.
GLCOD (8, 1, 1/2): Simul.
GLCOD (8, 4, 1/2): Simul.
CIOD (4, 1, 1): Simul.
CIOD (4, 4, 1): Simul.
CIOD (8, 1, 3/4): Simul.
CIOD (8, 4, 3/4): Simul.
Analysis
Figure 3.1: Average channel capacity vs. average SNR ρ for GLCOD (NT , NR,
Rc) and CIOD (NT , NR, Rc) in a quasi-static frequency-nonselective Nakagami-
m fading channel with m = 1.0.
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GLCOD (4, 1, 3/4): Simul.
GLCOD (4, 4, 3/4): Simul.
GLCOD (8, 1, 1/2): Simul.
GLCOD (8, 4, 1/2): Simul.
CIOD (4, 1, 1): Simul.
CIOD (4, 4, 1): Simul.
CIOD (8, 1, 3/4): Simul.
CIOD (8, 4, 3/4): Simul.
Analysis
Figure 3.2: Average channel capacity vs. average SNR ρ for GLCOD (NT , NR,
Rc) and CIOD (NT , NR, Rc) in a quasi-static frequency-nonselective Nakagami-
m fading channel with m = 3.2727.
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Figure 3.3: Average channel capacity vs. average SNR ρ for CIOD (4, NR, 1) in
quasi-static frequency-nonselective Nakagami-m fading channels. NR = 1 − 4









































Figure 3.4: Average channel capacity vs. NR vs. m for CIOD (4, NR, 1) in
quasi-static frequency-nonselective Nakagami-m fading channels. NR = 1 − 8
and m = 0.5 − 10 at ρ = 20dB.
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In Fig. 3.1 and Fig. 3.2, we plot the average channel capacity versus
the average SNR at the receiver for the STBCs from GLCODs and GCIODs
with (NT , NR, Rc) over a quasi-static frequency-nonselective i.i.d. Nakagami
fading channel with m = 1.0, 3.2727. From the relation between the Nak-
agami fading parameter m and the Rician factor KR in (2.33), m = 1.0 and
3.2727 correspond to KR = 0 and 5, respectively. As seen from the figures,
the analytically derived curves accurately match with the exact (via Monte-
Carlo simulation) average channel capacities of STBCs from both GLCODs
and CIODs. For the same antenna configuration, the average channel capacity
of GLCODs is inferior to that of CIODs, which is due to the code rate de-
ficiency of GLCODs. In addition, we can observe that CCIOD (NT , NR, Rc, ρ) =
CGLCOD (NT /2, NR, Rc, ρ), when the CIOD consists of two component GLCODs
with the same codeword structure.
Fig. 3.3 and Fig. 3.4 illustrate the effects of antenna configuration
and Nakagami fading parameter m on the average channel capacity of STBCs
from CIODs. As shown in Fig. 3.3, the average channel capacity increases
as the Nakagami fading becomes less severe (i.e., as the Nakagami fading
parameter m increases). However, the degree of this improvement becomes
reduced with the number of receive antennas. Furthermore, we can observe
that the improvement of average channel capacity with the number of antennas
is much more dominant than that with the Nakagami fading parameter m,
which can be interpreted by the high diversity gain that is already achieved
by STBCs from CIODs with multiple transmit and receive antennas. This
observation is more explicitly demonstrated in Fig. 3.4, where we depict the
average channel capacity curves of CIOD (4, NR, 1) for various values of NR
and m for ρ = 20dB.
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3.3 Average Symbol-Error Rate Performance
3.3.1 Symbol-Error Rate Performance Evaluation
From the achievability of single-symbol decoding for STBCs from CIODs
and the symmetric-structure of their codeword matrix, the SPER conditioned
on the fading coefficients can be expressed as
Pr (s → ŝ| ‖H1‖F , ‖H2‖F )
= Pr
[∣∣∣∣r̃ − 1√Rc ‖H1‖F ŝI − j 1√Rc ‖H2‖F ŝQ
∣∣∣∣2
<




[∣∣∣∣r̃ − 1√Rc ‖H1‖F ŝI − j 1√Rc ‖H2‖F ŝQ






(‖H1‖2F Δ2I + ‖H2‖2F Δ2Q)
)
, (3.8)











represent the normalized squared Euclidean dis-
tances along the in-phase and quadrature directions, respectively, and r̃ and
ṽ denote the received signal and noise signal, after noise pre-whitening and







. Since the pairwise error event for
each si → ŝi has an identical distribution, it suffices to consider the case of
s1 → ŝ1 for the evaluation, so we drop the subscript without loss of generality.
Then, we obtain the following theorem.
Theorem 3.3.1 (Average SPER of STBCs from CIODs). For a STBC
from CIOD with NT , NR, and Rc in quasi-static frequency-nonselective i.i.d.
Nakagami-m fading channels, subject to mNT NR/2 being a positive integer,
47
the average SPER is given by







(υ1,kξ1,k − υ2,kξ2,k), (3.9)
where
φ =































































































































(n)k = Γ(n + k)/Γ(k) is the Pochhammer symbol, and 2F1 (·, ·; ·; ·) is the clas-
sical standard hypergeometric function [91–93].
Proof. The proof is given in the Appendix A.
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We emphasize that the derivation given in (3.9) is closed-form and, thus, is
subject to mNT NR
2
being a positive integer [112]. This means that for the
Nakagami fading parameter m with non-integer value, the derived analytical
expression in (3.9) is still valid for the system with the proper number of
transmit and receive antennas. For example, if m = 1.25, we can derive the
formula of the average SPER for the STBCs from CIODs with NT = 4 and
NR = 2.
Corollary 3.3.2. By exploiting a series expansion of the average SPER in
(3.9) about σ2v = 0, an approximate expression of the average SPER is derived
as









⎠mNT NR , (3.10)
where the coefficient κ > 0 has a finite value, which is determined by the system
configurations and the fading channels (i.e., NT , NR, Rc, m, and Ω).
Proof. The proof needs straightforward but cumbersome manipulations for
the series expansion of (3.9), which include a differentiation of ξ1,k and ξ2,k
with respect to 1/ρ = 0 and a linear summation of all the related coefficients.
These formulations are, however, uninformative. Thus, the detailed derivation
is omitted here.
Example 3.3.1 (Average SPER of CIOD with NT = 2, NR = 1, Rc = 1,
m = 1, and Ω = 1). For the STBC from CIOD with NT = 2, NR = 1,
Rc = 1, m = 1 (i.e., Rayleigh fading), and Ω = 1 (cf. the transmission
codeword matrix is given in (2.30)), we have φ = 2
ρ(Δ2Q−Δ2I)





















average SPER and the approximate SPER are derived as

























Example 3.3.2 (Average SPER of CIOD with NT = 4, NR = 1, Rc = 1,
m = 1, and Ω = 1). For the STBC from CIOD with NT = 4, NR = 1,
Rc = 1, m = 1, and Ω = 1 (cf. the transmission codeword matrix is also given












































































Therefore, the average SPER is given by
Pr (s → ŝ) = 1
2
φ · [υ1,k=0ξ1,k=0 + υ1,k=1ξ1,k=1 − υ2,k=0ξ2,k=0 − υ2,k=1ξ2,k=1] .
(3.12)
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Furthermore, by using a series expansion, the average SPER in (3.12) can be
approximated as










Consequently, by utilizing Theorem 3.3.1, union upper and lower bounds
on the SER, Ps, for STBCs from CIODs are expressed as
PLB = max
s=ŝ,s∈Ã





Pr (s → ŝ), (3.14)
which is considered as a standard approach to error performance analysis to
evaluate the SER for an arbitrary signal set Ã = ejθA.
3.3.2 SER-Based Optimum Angle of Phase Rotation
For STBCs from CIODs, the constellation rotation is an important
operation to achieving full-diversity. Thus, the optimum angle of phase rota-
tion should be chosen for an arbitrary constellation. To this end, the authors
in [44, 49, 50] proposed a criterion, where the optimum angle is derived by
maximizing coding gain. With this criterion, however, optimum error rate
performance cannot be guaranteed. In contrast to this maximum coding gain
criterion, the optimum angle of phase rotation can be obtained by directly
minimizing the error rate. Since the derived union upper bound in (3.14)
is very tight to the exact SER in the high-SNR regime, by using (3.8) and
(3.14), we can easily obtain the optimum selections of the rotation angles for
any constellation. Thus, compared with the existing criterion in [44,49,50], the
proposed criterion can lead to slightly better error rate performance. For some
popular signal constellations illustrated in Fig. 3.5, the numerically obtained
rotation angles are summarized in Table 3.1.
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(a) QPSK (4-QAM) (b) 8-PSK (c) Circular 8-QAM
(d) Rectangular 8-QAM (I) (e) Rectangular 8-QAM (II) (f) 16-QAM
Figure 3.5: Some popular signal constellations.
Table 3.1: Summary of optimum rotation angles for commonly used signal con-
stellations in quasi-static frequency-nonselective Nakagami-m fading channels.
We consider BPSK, QPSK (i.e., 4-QAM), 8-PSK, circular 8-QAM, rectangular
8-QAM (Type-I), rectangular 8-QAM (Type-II), and (square) 16-QAM, most
of which are illustrated in Fig. 3.5.
mNT NR 2 4 6 8 10 12
BPSK 45◦ 45◦ 45◦ 45◦ 45◦ 45◦
QPSK 29.86◦ 30.35◦ 30.70◦ 30.91◦ 31.04◦ 31.14◦
8-PSK 7.17◦ 6.14◦ 5.73◦ 5.52◦ 5.39◦ 5.31◦
C-8-QAM 10.45◦ 11.10◦ 11.36◦ 11.49◦ 11.57◦ 11.62◦
R-8-QAM (I) 33.86◦ 33.18◦ 32.90◦ 32.78◦ 32.72◦ 32.70◦
R-8-QAM (II) 29.11◦ 29.98◦ 30.42◦ 30.69◦ 30.86◦ 30.99◦
16-QAM 31.59◦ 31.64◦ 31.66◦ 31.67◦ 31.68◦ 31.69◦
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Figure 3.6: Average SER vs. SNR ρ for CIOD (NT , NR, Rc) = (2, 1, 1) with
m = 1.0 and Ω = 1 for QPSK. SER comparison for θ = 0◦ (i.e., no diversity),
existing optimum rotation angle θ = 31.7175◦ [50], and proposed optimum
rotation angle θ = 29.86◦ in Table 3.1.
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In Fig. 3.6, for example, we plot the SER performance of the STBC
from CIOD with (NT , NR, Rc) = (2, 1, 1) and m = 1 (i.e., Rayleigh fading) for
QPSK and various rotation angles. We can observe in the figure that compared
to the optimum rotation angle given in [50], the proposed optimum rotation
angle results in a slight SER performance improvement. The performance gap
is, however, very small, so it seems that the difference of the optimum rotation
angle (approximately) by 0◦ ∼ 2◦ doesn’t significantly affect the error rate
performance. In addition, it is also shown that no diversity gain is achieved
without rotating the constellation.
In [102], the optimum rotation angles for some commonly used signal
constellations were derived in a similar way to the proposed method. However,
they are limited only to the case of Rayleigh fading. Thus, our proposed
criterion can cover more various channel conditions in terms of Nakagami
fading parameter m.
3.3.3 SER-Based Asymptotic Diversity Order
In this subsection, we examine the asymptotic diversity order achieved
by the STBCs from CIODs through the derivation of the SPER expression
in Section 3.3.1. In general, the diversity order is defined as the magnitude
of the slope of average error rate (e.g., SPER, SER, BER, etc.) versus SNR
on a log-log scale in the high-SNR regime [79, 113]. Then, the asymptotic
and instantaneous diversity orders with respect to SER can be expressed,
respectively, as












d̂s = −∂ log Ps
∂ log ρ








For instance, a STBC for NT transmit and NR receive antennas in frequency-
nonselective Rayleigh fading channels is called a full-diversity code, provided
that it achieves an asymptotic diversity order of NT NR. In [44, 49, 50], it has
been shown that STBCs from CIODs can achieve full-diversity in terms of
maximizing coordinate product distance (i.e., maximizing coding gain).
As will be demonstrated in Section 3.3.4, the derived union upper
bound in (3.14) is very tight to the true SER particularly in the high-SNR
regime. Thus, PUB in (3.14) can be substituted into (3.15) instead of Ps.
Furthermore, we know that the asymptotic diversity order with respect to
the SPER shows the same diversity order as (3.15), since the PUB is a linear
summation of all possible SPERs. Therefore, we obtain the following theorem.
Theorem 3.3.3 (SER-Based Asymptotic Diversity Order of STBCs
from CIODs). The diversity order of STBCs from CIODs in quasi-static
frequency-nonselective i.i.d. Nakagami-m fading channels is asymptotically
close to mNT NR. That is,
ds = mNT NR. (3.17)
















































Example 3.3.3. For the two STBCs from CIODs in Example 3.3.1 and Ex-
ample 3.3.2 with the given configurations, the average SPERs are presented,
respectively, in (3.11) and (3.13), and then the corresponding asymptotic di-
versity orders can be evaluated as
































From the above results, we observe that both the asymptotic diversity orders
satisfy ds = mNT NR in Corollary 3.3.2.
3.3.4 Numerical Results
In this subsection, we provide numerical results to examine the accuracy
of our analysis given in the previous subsections. The analytical results of
Section 3.3 are general and valid for STBCs from CIODs with any choice of
GLCODs as sub-codewords. Here, the STBCs from CIODs with NT = 4 and
8 are considered, the corresponding codeword matrices of which are given in
(2.30) and (2.31).
In Fig. 3.7 and Fig. 3.8, we present the SER performance of the
STBCs from CIODs with (NT , NR, Rc) for QPSK and 16-QAM, respectively,
over quasi-static frequency-nonselective i.i.d. Nakagami fading channels with
m = 1.5 (i.e., KR = 1.3660), and Ω = 1. The exact SER curves are obtained
by Monte-Carlo simulations over 1010 independent channel realizations and
56













































Upper Bounds of CIODs
Lower Bounds of CIODs
COD (4,1,3/4): Simul.
COD (4,1,1/2): Simul.
Figure 3.7: Average SER and union upper bound (UB) and lower bound (LB)
vs. SNR ρ for CIOD (NT , NR, Rc) with m = 1.5 and Ω = 1. Comparison
between CIOD (NT , NR, Rc) and COD (NT , NR, Rc) for QPSK.
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Upper Bounds of CIODs
Lower Bounds of CIODs
COD (4,1,3/4): Simul.
COD (4,1,1/2): Simul.
Figure 3.8: Average SER and union upper bound (UB) and lower bound (LB)
vs. SNR ρ for CIOD (NT , NR, Rc) with m = 1.5 and Ω = 1. Comparison
between CIOD (NT , NR, Rc) and COD (NT , NR, Rc) for 16-QAM.
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Figure 3.9: Union upper bounds vs. SNR ρ for CIOD (4,1,1) in quasi-static
frequency-nonselective i.i.d. Nakagami-m fading channels with m = 0.5, 1, 1.5,
2, 2.5, 4, 6. QPSK.
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the curves for the union upper and lower bounds on the SER are performed
by (3.9) and (3.14). As observed from the figures, the curves for the derived
union upper bound are asymptotically tight with the true SER curves for vari-
ous antenna configurations and different modulations, while the curves for the
lower bound are relatively loose, but still maintaining their asymptotic diver-
sity orders. From the slope in the high-SNR region, it is observed that the
asymptotic diversity order approaches mNT NR. Additionally, we plot the SER
curves of the rate-3/4 and -1/2 CODs with NT = 4 in (2.18) and (2.19) for
comparison. We note that CODs are subset of GLCODs (cf. Theorem 2.2.3).
With the same modulation, CODs show better SER performance than CIODs
at the sacrifice of data transmission rate. When the transmission rate is equal
(e.g., QPSK for CIOD (4, 1, 1) and 16-QAM for COD (4, 1, 1/2)), however,
CIODs provide better error rates than CODs with the same antenna config-
uration. This is consistent with [44, 50], where the coding gain comparison
between CIODs and CODs is also presented.
To further investigate the effect of Nakagami fading parameter m on
the SER, in Fig. 3.9 we present the union upper bounds for CIOD (4, 1, 1) at
Ω = 1 and m = 0.5, 1, 1.5, 2, 2.5, 4, 6. The figure clearly shows that the SER-
based asymptotic diversity order is proportional to m. As can be observed from
the figure, the asymptotic diversity order is increasing, as the value of m is
increasing. This can be also predicted by considering the PDF of Nakagami-m
fading presented in (2.32), where the form of the PDF of Nakagami-m fading
is equivalent to that of the PDF of Rayleigh fading with the degree of 2m.
Thus a single Nakagami-m fading channel can be thought of as an m diversity
system in a Rayleigh fading channel [85], which reveals that the system with
diversity order of mNT NR in Nakagami-m fading channels becomes the system
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with full-diversity of order NT NR in Rayleigh fading channels.
3.4 Conclusions
In this chapter, we evaluated the ergodic performance of STBCs from
CIODs in quasi-static frequency-nonselective Nakagami-m fading channels.
We first derived exact closed-form formulae for the average channel capac-
ity for STBCs from both GLCODs and CIODs. In addition, we demonstrated
that when STBCs from CIODs, ABBA codes, and MDC-ABBA codes are con-
structed by two component GLCODs with the same codeword structure, their
average channel capacities are equivalent to that of the component GLCOD.
Then, we derived an accurate closed-form expression for the average SPER.
Additionally, an approximate expression for the average SPER was provided
by using a series expansion technique. Based on the derived SPER, tight union
upper and lower bounds on the SER were also evaluated, which can be ex-
ploited to derive the optimum phase rotation angle in the sense of minimizing
the average SER for an arbitrary constellation. Furthermore, we demonstrated
that the diversity order achieved by the STBCs from CIODs asymptotically
approaches the full-diversity of order mNT NR. All the analytically derived re-
sults in this chapter were verified through Monte-Carlo simulations for various
antenna configurations and different channel conditions. The demonstrated
tightness between the analytical and numerical results indicates that the de-
rived formulae can be used to predict the ergodic performance of STBCs from
CIODs for various practical scenarios.
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Chapter 4
Outage Performance of STBCs from CIODs
In an effort to assess the outage performance of the STBCs from CIODs
in non-ergodic quasi-static frequency-nonselective i.i.d. Nakagami-m fading
channels, we analyze the outage capacity and the information outage prob-
ability (IOP) in this chapter. First, we provide very accurate closed-form
approximate expressions for the outage capacity, based on two techniques:
Gaussian approximation and Gamma approximation. Second, by using the
PDF and the cumulative distribution function (CDF) of the product of two
i.i.d. Gamma random variables and then exploiting high-SNR and moment-
matching approximation techniques, we derive an accurate closed-form approx-
imate formula for the IOP. Finally, IOP-based asymptotic and instantaneous
diversity orders are derived, the result of which demonstrates that STBCs
from CIODs can provide full-diversity in the non-ergodic Nakagami-m fading
channel under consideration.
4.1 Introduction
For a non-ergodic fading channel, outage capacity and IOP are viewed
as reliable measures for the system performance, since in a non-ergodic fading
channel the ergodic capacity in the Shannon sense does not exist with zero
probability and the mutual information conditioned on the realization of the
random MIMO fading channel is a random variable. It is shown in [100]
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that STBCs from ODs are optimal from a SNR maximization point-of-view,
which was used in [96] to evaluate the gap in performance between the ergodic
channel capacity and the non-ergodic channel capacity. In [114], Perez et al.
derived a tight approximation for the outage capacity of STBCs from ODs
over various uncorrelated fading environments. Dohler and Aghvami derived
a closed-form expression for the IOP of STBCs from ODs over Nakagami-
m fading channels, which is facilitated by means of the moment generation
function of the Nakagami fading channel [86]. In [79], Nabar et al. presented
outage analysis for STBCs from ODs in correlated Rician fading, where they
proved that the asymptotic diversity orders based on the error rate and the
IOP are equivalent.
Despite numerous studies that have been undertaken to evaluate the
outage performance of STBCs from ODs, [25, 79, 86, 96, 114], it is not easy to
find prior works for the outage performance analysis for STBCs from CIODs
over fading channels (except our works in [87, 88]). Thus, in this chapter we
first derive accurate closed-form analytical approximations of the mean and
variance of mutual information, which are obtained by the second-order series
expansion. Applying these to well-known Gaussian approximation [89, 114]
and Gamma approximation [115] techniques, we provide very accurate closed-
form expressions for the outage capacity. Based on the PDF and CDF of
the product of two i.i.d. Gamma random variables, high-SNR approximation
and moment-matching approximation [94] techniques are proposed to achieve
accurate closed-form approximate formulae for the IOP. Then, we derive the
IOP-based asymptotic and instantaneous (i.e., finite-SNR) diversity orders.
By using the derived formulae, we demonstrate that the IOP-based diversity
order asymptotically converges to mNT NR. This result explicitly indicates
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that STBCs from CIODs provide full-diversity transmission in non-ergodic
fading channels. The accuracy of all the aforementioned analytical derivations
is verified via Monte-Carlo simulations for various scenarios.
The remainder of this chapter is organized as follows. In Section 4.2,
very accurate closed-form approximate expressions for the outage capacity are
derived. Then, in Sections 4.3 and 4.4, we derive very accurate closed-form
approximate formulae for the IOP and the corresponding asymptotic diversity
order. Section 4.5 presents some numerical results to illustrate and verify
the derived analytical results. Finally, we provide our concluding remarks in
Section 4.6.
4.2 Outage Capacity
When the channel is ergodic, ergodic capacity is an appropriate ca-
pacity measure, which is obtained by averaging mutual information over all
possible channel realizations. For a non-ergodic fading channel, however, the
transmission time is not long enough to obtain the long-term ergodic proper-
ties for the fading channel, thus the mutual information becomes a random
variable. Moreover, in a quasi-static channel, the channel coefficients are con-
stant at least within a codeword duration, thus the mutual information cannot
be averaged by using an ergodic measure [79, 86, 87, 113, 114]. Then, the no-
tion of outage performance (e.g., outage capacity and IOP) provides a more
meaningful measure of system performance.











of the channel realizations as [79, 113,114]
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By exploiting a series expansion method, the mean and variance of
mutual information for STBCs from CIODs can be calculated.
Corollary 4.2.1 (Mean and Variance of Mutual Information for STBCs
from CIODs). General closed-form approximate expressions for the mean
and variance of mutual information of STBCs from CIODs are given as




























where α = ρ
RcNT /2














Proof. The derivations are provided in Appendix B.


















where f (ICIOD) and FCCIOD (·) denote the PDF of ICIOD and the correspond-
ing CDF, respectively. Based on the derived mean and variance in (4.2), we
provide accurate approximate expressions for the outage capacity of STBCs
from CIODs as follows.
Theorem 4.2.2 (Outage Capacity of STBCs from CIODs). Using Gaus-
sian and Gamma approximation techniques, the r% outage capacity of STBCs
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where Q−1 (·) denotes the inverse Q-function, a = E2{ICIOD}
var(ICIOD) , b =
var(ICIOD)
E{ICIOD} ,
and F−1G (z; a, b) = x stands for the inverse CDF of the Gamma random vari-





a dt = z.
Proof. By utilizing the derived mean and variance of mutual information in
(4.2), a Gaussian approximation of the CDF of mutual information is given
by
FCCIOD (c) ≈ 1 − Q
(


















Using a similar approach to obtain the Gaussian approximation for
the outage capacity of STBCs from CIODs, it is also possible to approximate
the outage capacity by a Gamma random variable. Assuming the mutual
information ICIOD is Gamma-distributed (i.e., ICIOD ∼ G (a, b)) with the
mean and variance derived in (4.2), the parameters of this Gamma random
variable are easily determined as a = E
2{ICIOD}
var(ICIOD) and b =
var(ICIOD)
E{ICIOD} . Therefore,













Note that although there are no closed-forms for the inverse Q-function
and the inverse CDF of the Gamma random variable, they are built-in func-
tions in most of the well-known mathematical software packages, such as
MATHEMATICA, MATLAB, MAPLE, etc. From (4.2), (4.4), and (4.5), it
is revealed that the increase of the number of transmit or receive antennas
and the Nakagami fading parameter m lead to the decrease of the variance
of mutual information, thus the corresponding outage capacity becomes more
and more independent of the statistics of channel fading.
4.3 Information Outage Probability
For a non-ergodic fading channel, the IOP Pout (R, ρ) is defined as the
probability that the given information transmission rate, denoted by R, is
greater than the instantaneous mutual information I(ρ), and is expressed as
Pout (R, ρ) = Pr [I (ρ) < R] [79,86–89,113]. Then, the IOP is equivalent to the
CDF of the random variable I(ρ) [79, 87, 88], and is a function of the average
SNR ρ and the MIMO channel matrix H. Thus, the IOP of STBCs from
CIODs is given as [87,88]


















To obtain a closed-form expression for the IOP of STBCs from CIODs in
non-ergodic quasi-static frequency-nonselective Nakagami-m fading channels,
we provide two approximation techniques (i.e., high-SNR approximation and
moment-matching approximation).
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Theorem 4.3.1 (IOP of STBCs from CIODs). For quasi-static frequency-
nonselective i.i.d. Nakagami-m fading channels, closed-form expressions ob-
tained from high-SNR approximation and moment-matching approximation
techniques for the IOP of STBCs from CIODs can be expressed, respectively,
as
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, (4.11)





















, and R2 = 2
2R
Rc .
Proof. The derivations are given in Appendix C.
As will be observed in Section 4.5, compared with the high-SNR ap-
proximation technique, the results from the moment-matching approximation
show an excellent match with the Monte-Carlo simulation results. To illustrate
the accuracy of the moment-matching approximation technique, we show in
Fig. 4.1 a comparison of the exact PDF with the high-SNR approximated PDF
and the moment-matching approximated PDF for NT = 4, NR = 1, 3, Rc = 1,
m = 3.2727 (i.e., KR = 5), and ρ = 10, 15dB, from which we can observe a
good match between the exact PDF and the moment-matching approximated
PDF.
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Figure 4.1: Comparison of the exact PDF with the high-SNR approximated
PDF and the moment-matching approximated PDF. NT = 4, NR = 1, 3,
Rc = 1, m = 3.2727, and ρ = 10, 15dB.
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4.4 IOP-Based Asymptotic Diversity Order
In addition to the SER-based diversity order in Section 3.3.3, other
types of diversity orders, called the IOP-based asymptotic and instantaneous
diversity orders, can be defined, respectively, as [79,87,88,113]
dout (R) = − lim
ρ→∞
log Pout (R, ρ)
log ρ
,
d̂out (R, ρ) = −∂ log Pout (R, ρ)
∂ log ρ
, (4.12)
where dout (R) = lim
ρ→∞
d̂out (R, ρ) and these diversity orders are dependent on
the given information transmission rate R [87, 88].
Now, we derive the IOP-based asymptotic diversity order for STBCs
from CIODs in quasi-static frequency-nonselective i.i.d. Nakagami-m fading
channels. For simplicity of derivation, we use the high-SNR approximate IOP
in (4.10). However, adopting the more accurate moment-matching approxi-
mate IOP in (4.11) results in the same diversity order with only an almost
indistinguishable error.
Theorem 4.4.1 (IOP-Based Asymptotic Diversity Order of STBCs
from CIODs). The IOP-based diversity order of STBCs from CIODs in
quasi-static frequency-nonselective i.i.d. Nakagami-m fading channels asymp-
totically approaches mNT NR. That is,
dout (R) = mNT NR. (4.13)
Proof. The asymptotic diversity order is equivalent to the exponent of the
lowest order term in the asymptotic expansion of Pout (R, ρ) for large enough
ρ. From (C.5), we obtain
Pout (R, ρ) ≈
∫ R1
0
fW (w) dw → R1 · fW (R1) , (4.14)
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where using the fact that for small enough z, K0 (z) → − log z [92] and apply-
ing the L’Hopital’s rule, we have
















































(β log ρ + β log γ) . (4.15)
Thus, we arrive at
− log Pout (R, ρ) → mNT NR log ρ − log (β log ρ + β log γ) , (4.16)
where β and γ are functions of R, Rc, NT , NR, and m, having finite values.
Therefore, finally we obtain
dout (R) = − lim
ρ→∞




mNT NR log ρ − log (β log ρ + β log γ)
log ρ
= mNT NR. (4.17)
In addition, for STBCs from CIODs, an IOP-based instantaneous di-
versity order, d̂out (R, ρ) at a given SNR ρ can be further calculated as
d̂out (R, ρ) = −ρ∂ log Pout (R, ρ)
∂ρ
= μ

















































straightforward manipulations, we obtain lim
μ→0
d̂out (R, μ) = mNT NR, which
shows the same result as in (4.17).
As a consequence, from Theorem 3.3.3 and Theorem 4.4.1, we obtain
the following theorem.
Theorem 4.4.2 (Asymptotic Diversity Orders of STBCs from CIODs).
For both ergodic and non-ergodic quasi-static frequency-nonselective Nakagami-
m fading channels, STBCs from CIODs can achieve full-diversity of order
mNT NR, such that
ds = dout (R) = mNT NR. (4.19)
Proof. The proof is straightforward from (3.17) and (4.13).
4.5 Numerical Results
In this section, some numerical results are presented to illustrate and
verify the analytical results obtained in the previous sections. As in Section
3.3.4, we consider the STBCs from CIODs with NT = 4 and 8.
Fig. 4.2 and Fig. 4.3 plot the 10% outage capacity of symmetric
CIODs. The rate-3/4 and -1/2 CODs with NT = 4 and 8, respectively, are
also considered. In particular, the results in Fig. 4.2 is for the case of m = 1
(i.e., KR = 0: Rayleigh fading), and Fig. 4.3 depicts the results for the
case of m = 3.2727 (i.e., KR = 5). The curves are obtained by Monte-Carlo
simulations and analytical expressions in (4.4) and (4.5). For a fixed NT ,
outage capacity significantly increases with NR. Comparison of the rate-1
CIOD (NT = 4) with the rate-3/4 CIOD (NT = 8) shows that the code rate
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deficiency leads to significant reduction of outage capacity even with larger
NT . Comparison with the same number of antennas shows the superiority
of CIODs over CODs, which is also due to the code rate deficiency of CODs.
The figures reveal that the improvement of outage capacity with m is relatively
smaller than with NT NR, which means that Nakagami fading has less impact
on the outage capacity of CIODs (as well as CODs). Furthermore, we can
observe that the proposed Gaussian and Gamma approximation techniques
are very accurate in nearly all scenarios. In the low-SNR regime, however, the
Gamma approximation provides a more accurate match with the simulation
results than the Gaussian approximation, as seen at the right-bottom corner
of Fig. 4.2.
In Fig. 4.4 and Fig. 4.5, we depict the outage capacity with different
outage percentages for the rate-1 CIODs with NT = 4 and NR = 1, 4 for
the case of m = 1 and 3.2727, respectively. The curves are obtained by the
Gamma approximation technique in (4.5). As shown in the figures, the outage
capacity increases with the outage percentage. Comparing Fig. 4.5 with Fig.
4.4, we can observe that since the large value of Nakagami fading parameter
(here, m = 3.2727) indicates a less severe fading environment than the case
of Rayleigh fading (i.e., m = 1), the gap between the outage capacities of the
high outage percentage (i.e., 20%) and the low outage percentage (i.e., 1%)
decreases. We can further observe that for the case of large number of antennas
and large value of Nakagami fading parameter (e.g., particularly NR = 4 and
m = 3.2727 in Fig. 4.5), high diversity gain is already achieved, and thus the
system can overcome the outage due to fading.
Fig. 4.6 and Fig. 4.7 demonstrate the IOP Pout (R, ρ) versus average
SNR for rate-1 CIOD and rate-3/4 COD with NT = 4 and NR = 2, 4 for
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Figure 4.2: 10% outage capacity Cout vs. average SNR ρ for CIOD (NT , NR,
Rc) and COD (NT , NR, Rc) in quasi-static frequency-nonselective Nakagami-m
fading channels. Nakagami fading parameter m = 1 (i.e., Rayleigh fading).
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Figure 4.3: 10% outage capacity Cout vs. average SNR ρ for CIOD (NT , NR,
Rc) and COD (NT , NR, Rc) in quasi-static frequency-nonselective Nakagami-m
fading channels. Nakagami fading parameter m = 3.2727 (i.e., Rician factor
KR = 5).
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Figure 4.4: Outage capacity Cout vs. average SNR ρ for CIOD (4, NR, 1) in
quasi-static frequency-nonselective Nakagami-m fading channels. Nakagami
fading parameter m = 1 (i.e., Rayleigh fading). 20%, 10%, 5%, and 1%
outage capacities are plotted.
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Figure 4.5: Outage capacity Cout vs. average SNR ρ for CIOD (4, NR, 1) in
quasi-static frequency-nonselective Nakagami-m fading channels. Nakagami
fading parameter m = 3.2727 (i.e., Rician factor KR = 5). 20%, 10%, 5%, and
1% outage capacities are plotted.
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m = 1, 1.8, 3.2727, where the analytical results are obtained by the high-SNR
approximation and moment-matching approximation techniques in (4.10) and
(4.11), respectively. From the figures, it is observed that the curves for CIODs
and CODs with the same NT , NR, and m have the same slope, suggesting that
they have the same diversity order, which increases with either the number of
antennas or m. Moreover, the figures clearly show that although CODs achieve
full-diversity, CIODs provide lower IOP than CODs even with the same con-
figurations. Comparing the accuracies of the high-SNR approximation and
moment-matching approximation techniques, moment-matching shows a bet-
ter match with the simulation results in all scenarios. However, the high-SNR
approximation also shows the same diversity order (i.e., same slope) in the
high-SNR regime and the gap between the two techniques becomes reduced
for large NR and m. These observations apparently imply that the derived
analyses yield very accurate approximations to the exact IOP of STBCs from
CIODs.
In Fig. 4.8 and Fig. 4.9, we depict the Pout (R, 20dB) versus R for the
CIOD with NT = 4, 8 and NR = 2, 4, when m = 1, 1.8, 3.2727, to clarify the
relation between the IOP and the various values of NT , NR,m, and R. The
figures show that the larger the values of NT , NR, and m are, the lower the
IOP is. Thus, we can deduce that more antennas and a larger m can provide
lower IOP induced by the increase of the diversity order, as analyzed in the
previous sections. Moreover, as the value of R increases, the achievable IOP
also increases, even with the large number of antennas and the large value of
m. From this observation, we can conjecture that to achieve a low IOP for a
large target R, a larger SNR is required.
Simulations for the IOP-based diversity order in (4.12) lead to results
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Figure 4.6: Pout (R, ρ) vs. average SNR ρ for CIOD (NT , NR, Rc) and COD
(NT , NR, Rc) in quasi-static frequency-nonselective Nakagami-m fading chan-
nels with m = 1, 1.8, 3.2727. Comparison between CIOD (4,2,1) and COD
(4,2,3/4) for R = 4.
79














































Figure 4.7: Pout (R, ρ) vs. average SNR ρ for CIOD (NT , NR, Rc) and COD
(NT , NR, Rc) in quasi-static frequency-nonselective Nakagami-m fading chan-
nels with m = 1, 1.8, 3.2727. Comparison between CIOD (4,4,1) and COD
(4,4,3/4) for R = 4.
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Figure 4.8: Pout (R, ρ) vs. information transmission rate R for CIOD in
quasi-static frequency-nonselective Nakagami-m fading channels with m =
1, 1.8, 3.2727. (NT , NR, Rc) = (4,2,1), (4,4,1). Results are obtained by (4.11)
at ρ = 20dB.
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Figure 4.9: Pout (R, ρ) vs. information transmission rate R for CIOD in
quasi-static frequency-nonselective Nakagami-m fading channels with m =
1, 1.8, 3.2727. (NT , NR, Rc) = (8,2,3/4), (8,4,3/4). Results are obtained by
(4.11) at ρ = 20dB.
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Figure 4.10: IOP-based instantaneous diversity order d̂out (R, ρ) vs. average
SNR ρ for CIOD in quasi-static frequency-nonselective Nakagami-m fading
channels with m = 1, 1.8, 3.2727. NR = 2. NR = 4.
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Figure 4.11: IOP-based instantaneous diversity order d̂out (R, ρ) vs. average
SNR ρ for CIOD in quasi-static frequency-nonselective Nakagami-m fading
channels with m = 1, 1.8, 3.2727. NR = 4.
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in Fig. 4.10 and Fig. 4.11 for the STBC from CIOD with NT = 4, NR = 2, 4,
m = 1, 1.8, 3.2727, and R = 2, 4, 6. The figures demonstrate that as the SNR
increases, the curves approach the value of mNT NR. We can also observe that
the increase of the number of antennas and the decrease of the value of R
induce faster convergence of the instantaneous diversity order to mNT NR.
4.6 Conclusions
The outage performance of STBCs from CIODs has been studied over
quasi-static frequency-nonselective i.i.d. Nakagami-m fading channels. We
derived very accurate closed-form approximations for the outage capacity by
applying the second-order approximate mean and variance of mutual infor-
mation to the Gaussian and Gamma approximation techniques. In addition,
the closed-form approximations for the information outage probability were
also derived by calculating the PDF and the CDF of the product of two i.i.d.
Gamma random variables and utilizing the high-SNR approximation and the
moment-matching approximation techniques, the accuracy of which was val-
idated by the numerical simulations. Furthermore, regarding the asymptotic
and instantaneous diversity orders that are closely related with the informa-
tion outage probability, we demonstrated that the achievable diversity order
asymptotically approaches the full-diversity of order mNT NR. For various sys-
tem configuration and channel fading combinations (i.e., various CIODs, num-
ber of antennas, and Nakagami fading parameter m), the analytically derived
results show a good agreement with the Monte-Carlo simulation results, which
indicates that the derived analytical results can provide a practical means for
estimating the outage performance of STBCs from CIODs in various practical
scenarios without conducting tedious Monte-Carlo simulations.
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Chapter 5
Development of STBCs from CIODs for
Performance Improvement
In this chapter, we first propose efficient decoding methods, particularly
for full-diversity full-rate STBCs from CIODs (FDFR-CIODs) to overcome the
performance degradation caused by time-selective fading channels. We also
investigate the effects of time-selective fading channels and imperfect channel
estimation on STBCs from CIODs by using a newly-introduced index. In
addition, a novel codeword construction method is proposed to systematically
generate FDFR-CIODs in a recursive manner.
5.1 Introduction
Most of the previous research dealing with STBCs generally assumed
that the channel is quasi-static or static at least over the duration of a space-
time codeword block. However, in wireless mobile fading channels, the time-
selectivity of fading channels occurs due to the Doppler spread effect caused by
the motion of the mobile terminal or frequency offset. For example, the third-
generation (3G) European cellular standard allows for a mobile unit moving
at speeds up to 500km/h. This can produce Doppler shifts of up to 800Hz for
a carrier frequency fc = 2GHz. Furthermore, for orthogonal frequency divi-
sion multiplexing (OFDM) systems employing STBCs (STBC-OFDM) with N
subcarriers, the OFDM symbol duration can be N times of the data symbol
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duration, which causes STBC-OFDM systems to be much more susceptible
to time-selective fading than single-carrier STBC systems [62]. Although the
balance of this chapter considers a single narrowband carrier, the results eas-
ily generalize to multiple parallel narrowband subcarriers, as in OFDM. In
any of these cases, the orthogonality or quasi-orthogonality of the space-time
codewords is compromised, and low-complexity ML decoding is not possi-
ble [62, 63, 116–118]. That is, symbol-wise linear ML (LML) decoding cannot
completely eliminate the interference due to the time-selective fading channels,
resulting in potentially severe performance degradation. In [62, 63, 116, 117],
the performance analysis and alterative detectors for STBCs from ODs over
time-selective fading channels were proposed. Moreover, a zero-forcing (ZF)
detector for the QSTBCs was presented in [118].
Thus, to develop a decoding strategy for STBCs from CIODs in time-
selective fading channels, we propose efficient quasi-ML (QML) decoding and
decorrelating decision-feedback (D-DF) decoding methods by exploiting the or-
thogonal combining technique in [116] and the QR-decomposition technique in
[119–121], respectively. The proposed decoding methods can more effectively
remove the intertransmit-antenna interference induced by time-selective fad-
ing channels than the conventional decoding method in [44,50,102,103]. Fur-
thermore, a new framework for comparatively quantifying the effects of time-
selective fading as well as imperfect channel estimation on the performance
of conventional STBCs and STBCs from CIODs is provided, which is termed
as a “distortion index” that represents a measure of the orthogonality/quasi-
orthogonality distortion of the effective channel matrix caused by time-selective
fading channels over quasi-static fading channels. From the analytical eval-
uation and numerical simulation results, we show that the full-rate STBCs
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from CIODs are more robust to the time-selectivity of fading channels than
conventional full-rate STBCs.
Although the authors in [43,44,48–50] presented a codeword construc-
tion rule for STBCs from CIODs, we propose a new codeword construction
rule for FDFR-CIODs and FDFR STBCs from asymmetric CIODs (FDFR-
ACIODs) [49], where the simplest FDFR-CIOD for NT = 2 (cf. see (2.30)) is
recursively extended to NT = 2
N . With further effort, FDFR-CIODs/ACIODs
for 2N−1 + 1 ≤ NT ≤ 2N − 1 can be also easily constructed. As mentioned
in Chapter 1, STBCs from CIODs and MDC-QSTBCs [45–47] were presented
to provide full-diversity full-rate transmission and low-complexity decoding for
more than two transmit antennas. In particular, FDFR-CIODs/ACIODs along
with single-symbol decoding for NT = 2, 3, 4 and double-symbol decoding for
NT = 5, 6, 7, 8
1 were proposed in [43,44,48–50,102].
This chapter is organized as follows. In Section 5.2, we present the con-
ventional ML decoding method for FDFR-CIODs and then propose the effi-
cient quasi-ML decoding and QR-decomposition-based D-DF decoding meth-
ods for the codes in time-selective fading channels. We also quantitatively
evaluate the effects of time-selective fading channels and channel estimation
errors on STBCs. Furthermore, some numerical results are provided for various
channel conditions. In Section 5.3, our devised recursive codeword construc-
tion method for FDFR-CIODs/ACIODs is described. Finally, conclusions are
provided in Section 5.4.
1From [50, Theorem 27] (also mentioned in Example 2.3.1), FDFR-CIODs with single-
symbol decodability exist only for NT = 2, 3, 4. Thus, in fact, the FDFR-CIODs with NT =
5, 6, 7, 8 should be called FDFR STBCs from coordinate interleaved “quasi-orthogonal” de-
signs due to their quasi-orthogonality and double-symbol decodability. For the convenience
of description, however, we call them FDFR-CIODs in this chapter.
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5.2 FDFR-CIODs in Time-Selective Fading Channels
5.2.1 Conventional Linear-ML Decoding and Proposed Efficient
Decoding Methods
In this section, we consider FDFR-CIOD with NT = 4 given in (2.30).
After some straightforward manipulations of (2.2), the input-output relation-
ship of FDFR-CIODs can be expressed in vector/matrix form as
r = H̃s̃ + v, (5.1)
where r is the 4NR × 1 received signal vector, s̃ is the 4× 1 transmitted signal









the effective channel matrix, for instance, whose submatrix H̃n, n = 1, ..., NR




hn1(1) hn2(1) 0 0
h∗n2(2) −h∗n1(2) 0 0
0 0 hn3(3) hn4(3)
0 0 h∗n4(4) −h∗n3(4)
⎤
⎥⎥⎦ , (5.2)
where the index inside (·) of the channel coefficients is the discrete time index
with respect to the symbol time duration in each codeword period. For the
FDFR-CIOD with NT = 4 (i.e., S4), after channel-matched filtering operation
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ε∗1 α2 0 0
0 0 β1 ε2































|hn1 (1)|2 + |hn2 (2)|2, α2 =
∑NR
n=1




|hn3 (1)|2 + |hn4 (2)|2, β2 =
∑NR
n=1









h∗n3 (3) hn4 (3) − h∗n3 (4) hn4 (4) . (5.4)
When the channel is quasi-static, H̃ is orthogonal (i.e., the Grammian matrix
G is diagonal) with α = α1 = α2, β = β1 = β2, and ε1 = ε2 = 0. Then, by
separating and rearranging the in-phase and quadrature-phase components of
y(t), we have the following LML decision metrics
ŝi = arg min
ŝi∈Ã
[
β |yI (i) − αŝiI |2 + α |yI (i + 2) − βŝiQ|2
]
, i = 1, 2
ŝi = arg min
ŝi∈Ã
[
α |yI (i) − βŝiI |2 + β |yI (i − 2) − αŝiQ|2
]
, i = 3, 4. (5.5)
The above two ML decision metrics reveal that the variables are completely
decoupled, so that full-rate transmission and symbol-wise LML decoding are
fulfilled at the receiver. Furthermore, since α and β are mutually i.i.d. random
variables with the same variances from the assumption of i.i.d. channel coeffi-
cients, full-diversity obtained from the optimal constellation rotation [44,49,50]
can be achieved.
When the quasi-static channel conditions are not satisfied (i.e., the
channel is time-selective), the effective channel matrix H̃ is no longer orthog-
onal and the off-diagonal terms ε1 and ε2 are not zero, which introduces in-
terference between consecutive symbols. Thus, the conventional LML decoder
suffers from performance degradation. This motivates the need for effective
decoding techniques that work well in time-selective fading.
Based on the decoding method presented in [62,116], which is originally
for the Alamouti STBC with two transmit antennas over time-selective fading
channels, we propose an efficient decoding method to overcome the detrimental
effect of the time-selectivity of fading channels, as mentioned in Section 5.2.1.
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where H̃n,11 = [H̃n]1:2,1:2, and H̃n,22 = [H̃n]3:4,3:4, we
have
ỹ = H̃‡r = H̃‡H̃s̃ + H̃‡v = Θs̃ + ṽ, (5.7)







n4(4). Thus, orthogonality can be achieved
without interference terms at the cost of increasing the variance of noise terms
in ṽ. Therefore, similarly to (5.5), we obtain the following linear QML decision
metrics
ŝi = arg min
ŝi∈Ã
[
q |yI (i) − pŝiI |2 + p |yQ (i + 2) − qŝiQ|2
]
, i = 1, 2
ŝi = arg min
ŝi∈Ã
[
p |yI (i) − qŝiI |2 + q |yQ (i − 2) − pŝiQ|2
]
, i = 3, 4. (5.8)
The performance of the proposed linear QML decoder can be further
improved by QR-decomposition-based D-DF decoding technique. To develop
the D-DF decoder, we perform a QR-decomposition of the channel matrix H̃
in (5.1) as
H̃ = Q̃R̃, (5.9)
where the 4NR×4 matrix Q̃ is unitary (i.e., Q̃HQ̃ = I4×4) and the 4×4 matrix
R̃ is upper triangular with real diagonal elements. Then, by multiplying the
received vector r by Q̃H , we obtain
ȳ = Q̃Hr = R̃s̃ + v̄, (5.10)
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where v̄ = Q̃Hv has the same statistical properties as v due to the property




r̃11 r̃12 0 0
0 r̃22 0 0
0 0 r̃33 r̃34
0 0 0 r̃44
⎤
⎥⎥⎦ . (5.11)
From the above peculiar structure of R̃, s̃2 and s̃4 (i.e., ultimately s2 and s4)
can be directly decoded without considering the interference caused by the
other transmitted symbols (i.e., s̃1 and s̃3) as
ŝ2 = arg min
ŝ∈Ã
[|ȳI (2) − r̃22ŝI |2 + |ȳQ (4) − r̃44ŝQ|2] ,
ŝ4 = arg min
ŝ∈Ã
[|ȳI (4) − r̃44ŝI |2 + |ȳQ (2) − r̃22ŝQ|2] . (5.12)
Accordingly, after re-interleaving the in-phase and quadrature components of
ŝ2 and ŝ4, the decision statistics for s̃1 and s̃3 are obtained as
ȳ(1) = ȳ(1) − r̃12 (ŝ2I + jŝ4Q) ,
ȳ(3) = ȳ(3) − r̃34 (ŝ4I + jŝ2Q) . (5.13)
Therefore, the estimates of s1 and s3 can be obtained from the following deci-
sion metrics as
ŝ1 = arg min
ŝ∈Ã
[
|ȳI (1) − r̃11ŝI |2 +
∣∣ȳQ (3) − r̃33ŝQ∣∣2] ,
ŝ3 = arg min
ŝ∈Ã
[
|ȳI (3) − r̃33ŝI |2 +
∣∣ȳQ (1) − r̃11ŝQ∣∣2] . (5.14)
We note that the FDFR-CIOD with NT = 2 (i.e., S2 in (2.30)) achieves
full-diversity and provides LML decoding even in time-selective fading channels
[44, 50]. Thus, the LML decoding can be employed regardless of the time-
selectivity of fading channels. For the FDFR-CIOD with NT = 3 (i.e., S3
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Table 5.1: Complexity comparison of each decoding method (i.e., conventional
LML decoder, linear QML decoder, and QR-decomposition-based D-DF de-
coder) for FDFR-CIOD with NT = 4 and NR = 1. M denotes the constellation
size.
Decoding type C-M C-A/S R-M/D R-A/S Total
LML 16 8 24M 12M 144 + 36M
QML 4 2 48M 24M 36 + 72M
D-DF 30 18 28 + 16M 10 + 12M 314 + 28M
in (2.30)), the proposed QML decoding and QR-decomposition-based D-DF
decoding methods can be directly applied with respect to H̃ (S3) over time-
selective fading channels.
In Table 5.1, we provide the complexity comparison of each decod-
ing method (i.e., conventional LML decoder, linear QML decoder, and QR-
decomposition-based D-DF decoder), where C-M, C-A, C-S, R-M, R-D, R-A,
and R-S denote complex multiplication, complex addition, complex subtrac-
tion, real multiplication, real division, real addition, and real subtraction,
respectively, and M stands for the constellation size. In addition, for sim-
plicity of complexity evaluation, we consider the FDFR-CIOD with NT = 4
and NR = 1. The complexity analysis is performed by real operations for
fair complexity comparison. That is, each complex operation is converted into
real operation, which is based on the complexity evaluation criterion in [122].
For example, one complex multiplication is equal to three real multiplications
and five real additions, and thus totally eight real operations. One complexity
magnitude (i.e., | · |2) is equivalent to two real multiplication and one real ad-
dition, so totally three real operations. Furthermore, the QR-decomposition
procedure for D-DF decoder is performed by the modified Gramm-Schmidt
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method presented in [122]. From Table 5.1, we can see that the decoding com-
plexity of each decoder is linearly proportional to the constellation size M , and
the decoding complexities of the proposed decoders are comparable to that of
the conventional LML decoder. As an example, for a 4-QAM constellation,
the decoding complexities of LML, QML, and D-DF decoders are 288, 324,
and 426, respectively.
5.2.2 Effects of Time-Selective Fading and Channel Estimation Er-
ror
In this subsection, we evaluate the detrimental effects of time-selective
fading channels and channel estimation errors on FDFR-CIODs. Moreover, we
compare them with those on conventional full-rate STBCs such as Alamouti
code with NT = 2 and QSTBCs with NT = 3, 4 [14,15,29,33,38].
The first-order Gauss-Markov process is popularly used to model the
time-selective fading channels [116, 117, 123], due to its high accuracy and
the ease of evaluation. Hence, we can approximate the time-selective fading
channel variation with the following autoregressive (AR) process of order 1
according to
hnl (t + 1) = ψhnl (t) +
√
1 − ψ2υnl (t + 1) , (5.15)
where ψ = E {hnl(t)h∗nl(t + 1)} denotes the fading correlation coefficient and
υnl(t) are i.i.d. circularly symmetric complex Gaussian random variables with
zero-mean and unit variance, which are uncorrelated to hnl(t). The parameter
0 ≤ ψ ≤ 1 characterizes the degree of channel time-variations, depending on
the Doppler frequency, which is caused by relative motion between transmitter
and receiver. From (5.15), we can also obtain
hnl (t + m) = ψ
mhnl (t) +
√
1 − ψ2mυnl (t + m) . (5.16)
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To assess the effect of channel estimation errors due to the imperfect
channel estimation, we also adopt the first-order AR model expressed by
h̄nl (t) = γhnl (t) +
√
1 − γ2wnl (t) , (5.17)
where h̄nl (t) is the estimated channel coefficient at the receiver, wnl (t) are i.i.d.
circularly symmetric complex Gaussian random variables with zero-mean and
unit variance, and γ is the channel estimation error factor with 0 ≤ γ ≤ 1.
Thus, combining (5.16) and (5.17) yields
h̄nl (t + m) = γψ
mhnl (t) + γ
√
1 − ψ2mυnl (t + m) +
√
1 − γ2wnl (t + m) .
(5.18)
Then, the mean squared error (MSE) between h̄nl (t + m) and hnl (t) can be
derived as
E
{∣∣h̄nl (t + m) − hnl (t)∣∣2} = 2 − 2γψm. (5.19)
To comparatively evaluate the effects of time-selective fading and chan-
nel estimation errors on the orthogonality or quasi-orthogonality of the effec-










where the entries of H̄ are the estimated channel coefficients in time-selective
fading channels, and those of Ȟ are the channel coefficients obtained from
perfect channel estimation in quasi-static channels. It is obvious that the
index η reflects the distortion of the effective channel matrix caused by the
time-selectivity of the fading channel and the channel estimation errors over
the case of quasi-static fading channels with perfect channel estimation, and its
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value is a function of both ψ and γ. Let A, J3, and J4 be the codeword matrices
of the Alamouti code with NT = 2 and the Jafarkhani QSTBCs [14, 29, 38]
with NT = 3, 4, respectively. Then, by exploiting (5.19), the values of the
index η for A, J3, J4, S2, S3, and S4 with NR receive antennas are obtained as






4 − γ (1 + ψ + ψ2 + ψ3)) ,
η (J4) = 2NR
(
4 − γ (1 + ψ + ψ2 + ψ3)) ,
η (S2) = NR (2 − γ (1 + ψ)) ,




6 − γ (2 + 2ψ + ψ2 + ψ3)) ,
η (S4) = NR
(
4 − γ (1 + ψ + ψ2 + ψ3)) . (5.21)
To demonstrate the preciseness of the above derived η for each STBC,
we present the relation of the index η with the fading correlation coefficient ψ
and the channel estimation error factor γ, in Fig.5.1(a) and (b), respectively,
where the η curves are obtained by the Monte-Carlo method over 108 inde-
pendent realizations of H̄ and Ȟ, and the curves indicated by “Analysis” are
depicted from (5.21). As demonstrated in the figures, the derived equations
in (5.21) show close agreement with the Monte-Carlo simulation results, and
they linearly decrease with an increase of γ. In particular, it is obvious that
CIODs are more robust against time-selective fading channels than the con-
ventional STBCs with the same number of transmit antennas. Additionally,
the Fig. 5.1-(c) represents the index η for various ψ and γ, showing the effects
of joint time-selective fading channels and channel estimation errors for the
CIOD with NT = 4.
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Figure 5.1: (a) Values of distortion index η vs. ψ for STBCs with γ = 0.99. (b)
Values of distortion index η vs. channel estimation error factor γ for STBCs
at ψ = 0.9911. (c) Values of distortion index η vs. ψ vs. γ for CIOD with
NT = 4 (i.e., S4).
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5.2.3 Numerical Results
In this subsection, we provide numerical results to demonstrate the
influence of time-selective fading channels and channel estimation errors on
the SER performance of full-rate STBCs from CIODs, and we compare them
with conventional Alamouti code and QSTBCs using Monte-Carlo simulation
methods. Gray-encoded QPSK modulation and time-selective fading channels
with perfect/imperfect channel estimation in (5.16) or (5.18) are employed
for simulations. The SNR at the receiver is defined as SNR = P/σ2v , where
P = EsymbolNT is the total transmitted power on the NT transmit antennas
per symbol duration and Esymbol denotes the average symbol power. In simula-
tions, we consider a severely time-selective fading with ψ = 0.9911. For exam-
ple, for a STBC-OFDM system with carrier frequency fc = 3.5GHz, OFDM
symbol duration Ts = 1024/(10 × 106)sec, and FFT/IFFT size N=1024 from
the IEEE 802.16e standard (also known as Mobile WiMAX) [95], mobile unit
speeds v = 20, 50, 100km/h correspond to ρ = 0.9996, 0.9973, 0.9892. Thus,
ψ = 0.9911 is a reasonable value in a mobile broadband system.
Fig. 5.2 and Fig. 5.3 show the SER performance comparison between
the conventional STBCs (i.e., Alamouti-2Tx, QSTBC-3Tx, and QSTBC-4Tx)
and the CIODs (i.e., CIOD-2Tx, CIOD-3Tx, and CIOD-4Tx) with full-rate
and conventional decoders for various channel conditions. In particular, the
Alamouti code and CIODs adopt a single-symbol (i.e., symbol-wise) LML
decoding and the QSTBCs adopt a double-symbol (i.e., pairwise) ML decod-
ing [29, 38]. For the case of perfect channel estimation in quasi-static fading
channels, as shown in Fig. 5.2, all STBCs provide full-diversity of order NT ,
since we consider the systems with NT transmit and NR = 1 receive anten-
nas. Hence, CIOD-4Tx, QSTBC-4Tx, CIOD-3Tx, QSTBC-3Tx, Alamouti-
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γ = 1, ψ = 1
γ = 0.99, ψ = 1
Figure 5.2: SER vs. SNR for Alamouti code, QSTBCs, and CIODs. LML
decoder for Alamouti code and CIODs and pairwise ML decoder for QSTBCs
are employed. NR = 1. Gray-encoded QPSK. γ = 1, ψ = 1 and γ = 0.99, ψ =
1.
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γ = 1, ψ = 0.9911
Figure 5.3: SER vs. SNR for Alamouti code, QSTBCs, and CIODs. LML
decoder for Alamouti code and CIODs and pairwise ML decoder for QSTBCs
are employed. NR = 1. Gray-encoded QPSK. γ = 1, ψ = 0.9911.
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2Tx, and CIOD-2Tx in order show better SER performances in the high-SNR
regime, the results of which are consistent with the results presented in [38,50].
However, when channel estimation errors occur, severe performance degrada-
tion with an irreducible error floor occurs. These SER performance results
indicate that the delicate handling of channel estimation errors is required
to achieve a reliable error rate performance. We note that the order for the
SER performance of the STBCs under consideration are still maintained even
with channel estimation errors. This tendency, however, becomes different for
the scenario of time-selective fading channels, as depicted in Fig. 5.2. It is
clearly observed in the figure that conventional STBCs such as Alamouti-2Tx,
QSTBC-3Tx, QSTBC-4Tx are much more susceptible to the time-selectivity
of fading channels than STBCs from CIODs, which can be also verified from
the observation of the results in Fig. 5.1. For instance, at a target SER
of 10−3, the observed SNR losses of QSTBC-4Tx and CIOD-4Tx caused by
time-selective fading (ψ = 0.9911) are 6.5dB and 4.5dB, respectively. It is
note worthy that the Grammian matrices (i.e., G = H̃HH̃) of conventional
full-rate STBCs include more coupling terms than those of CIODs, which are
produced by time-selective fading.
In Fig. 5.4, we compare the prior LML decoder with the proposed
linear QML decoder for CIODs with perfect/imperfect channel estimation in
time-selective fading. For the scenario of perfect channel estimation at ψ =
0.9911, the existing decoders for CIODs suffer from serious error floors in the
high-SNR regime. Only CIOD-2Tx is not affected by the time-selectivity of
fading channels, since its effective channel matrix retains orthogonality even
in time-selective fading channels [44, 50]. On the other hand, the proposed
QML decoder overcomes the drawback of the existing LML decoder, since the
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γ = 1, ψ = 0.9911
γ = 0.99, ψ = 0.9911
Figure 5.4: SER vs. SNR for CIODs with NT = 2, 3, 4 and NR = 1. LML
decoder and linear QML decoder are compared. Gray-encoded QPSK.
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Figure 5.5: SER vs. SNR for CIODs with NT = 3, 4 and NR = 1. Linear QML
decoder and QR-decomposition-based D-DF decoder are compared. Gray-
encoded QPSK.
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utilized orthogonal combining technique in (5.7) completely suppresses the
coupling terms. At SER = 2×10−4, for example, the QML decoder for CIOD-
3Tx provides a gain of about 6dB over the LML decoder, showing no error
floor in the high-SNR regime. Thus, clearly the QML decoder outperforms
the LML decoder in time-selective fading channels. We observe, however,
that QML decoder also cannot avoid the adverse effect of channel estimation
errors, which reflects the necessity of accurate channel estimation to maintain
the efficiency of decoding procedure.
Fig. 5.5 depicts the performance comparison between the linear QML
decoder and the QR-decomposition-based D-DF decoder. As seen from the
figure, the D-DF decoder provides better SER performance than the QML
decoder in time-selective fading channels with/without channel estimation er-
rors. It is observed, for example, that in a time-selective fading channel with
ψ = 0.9911 (and γ = 1), about 1.5dB SNR gain is achieved by the D-DF
decoder over the QML decoder at a target SER of 10−3 without showing an
error floor in the high-SNR regime. Furthermore, we can also observe that
the D-DF decoder is more robust against both the time-selectivity of fading
channels and the imperfect channel estimation than the QML decoder.
5.3 Recursive Codeword Construction
We consider a MIMO wireless communication system with NT transmit
and NR receive antennas, which employs FDFR-CIODs/ACIODs. For the
reader’s convenience, we present the transmission codeword matrices of FDFR-
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CIODs with NT = 2, 4, 8 as follows.





, S4 (s1, ..., s4) =
⎡
⎢⎢⎣
s̃1 s̃2 0 0
−s̃∗2 s̃∗1 0 0
0 0 s̃3 s̃4
0 0 −s̃∗4 s̃∗3
⎤
⎥⎥⎦ ,
S8 (s1, ..., s8) =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
s̃1 s̃2 0 0 s̃5 s̃6 0 0
−s̃∗2 s̃∗1 0 0 −s̃∗6 s̃∗5 0 0
0 0 s̃3 s̃4 0 0 s̃7 s̃8
0 0 −s̃∗4 s̃∗3 0 0 −s̃∗8 s̃∗7
s̃5 s̃6 0 0 s̃1 s̃2 0 0
−s̃∗6 s̃∗5 0 0 −s̃∗2 s̃∗1 0 0
0 0 s̃7 s̃8 0 0 s̃3 s̃4




where the transmitted complex symbols s̃i are generated by coordinate in-
terleaving as s̃i = {si} + j	{s〈i+K/2〉K}, i = 1, ..., K(= NT ). To achieve
full-diversity for a square lattice constellation, the complex data symbols si
are properly rotated [44, 49, 50, 87, 88, 102, 103, 124, 125]. For FDFR-CIODs
with NT = 3, 5, 6, 7, their codeword matrices can be obtained by deleting
certain columns of corresponding codeword matrices for NT = 4, 8. In [49],
ACIODs were proposed to improve the performance of CIODs in non-square
form. Then, the codeword matrices of FDFR-CIOD and FDFR-ACIOD with


















Before introducing a novel codeword construction rule for FDFR-CIODs
/ACIODs, we note that the systematically designed FDFR-CIODs/ACIODs
have the same properties as the conventional FDFR-CIODs/ACIODs given
in [43,44,48–50,87,88,102,124,125].
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Starting with the 2×2 FDFR-CIOD (i.e., S̄2 = S2) in (5.22), the FDFR-
CIODs, S̄2N (s1, ..., s2N ), of size 2N × 2N with NT = 2N can be recursively
constructed as
S̄2N (s1, ..., s2N )
=
[
S2N−1 (s1, ..., s2N−1) S2N−1 (s2N−1+1, ..., s2N )
−S∗2N−1 (s2N−1+1, ..., s2N ) S∗2N−1 (s1, ..., s2N−1)
]
, (5.24)
where s̃l = {sl}+j	{sl+1} and s̃l+1 = {sl+1}+j	{sl} for l = 1, 3, ..., NT−
1(= 2N − 1). We can observe that this construction rule is similar to that of the
complex Walsh-Hadamard code. This construction rule produces the following
codewords matrices for NT = 4, 8.
S̄4 (s1, ..., s4) =
[
S̄2 (s1, s2) S̄2 (s3, s4)





s̃1 0 s̃3 0
0 s̃2 0 s̃4
−s̃∗3 0 s̃∗1 0
0 −s̃∗4 0 s̃∗2
⎤
⎥⎥⎦ , (5.25)
S̄8 (s1, ..., s8) =
[
S̄4 (s1, ..., s4) S̄4 (s5, ..., s8)





s̃1 0 s̃3 0 s̃5 0 s̃7 0
0 s̃2 0 s̃4 0 s̃6 0 s̃8
−s̃∗3 0 s̃∗1 0 −s̃∗7 0 s̃∗5 0
0 −s̃∗4 0 s̃∗2 0 −s̃∗8 0 s̃∗6
−s̃∗5 0 −s̃∗7 0 s̃∗1 0 s̃∗3 0
0 −s̃∗6 0 −s̃∗8 0 s̃∗2 0 s̃∗4
s̃7 0 −s̃5 0 −s̃3 0 s̃1 0




Similarly to the case of conventional FDFR-CIODs, the codeword matrices
for NT = 3, 5, 6, 7 can be obtained by removing certain columns of S̄4 and
S̄8. Furthermore, based on the above codeword matrices, FDFR-ACIODs can
be also easily constructed by component-wise adding any pairs of (2m − 1)-
th column and 2n-th column of S̄, subject to m,n = 1, ..., 2N−1 and m =
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n, and eliminating the all-zero column after the component-wise addition.
For instance, the codeword matrices of FDFR-CIOD and FDFR-ACIOD with


















where S̄3 is obtained by deleting the last column of S̄4 and S̄3−A by component-
wise adding the third column of S̄4 into its second column, followed by elimi-
nating the all-zero third column.
Finally, we note again that the recursively constructed CIODs and
ACIODs can achieve full-diversity and full-rate, since they have the same prop-
erties as as the conventional CIODs/ACIODs in [43,44,48–50,87,88,102,124,
125], namely diversity and coding gains, maximum mutual information, delay
and rate, and single- or double-symbol decodability. Moreover, those FDFR-
CIODs/ACIODs with NT = 2, 3, 4 are single-symbol decodable without any
cross-product terms of more than one variable in S̄H S̄ (i.e., S̄H S̄ is diagonal),
and the FDFR-CIODs/ACIODs with NT = 5, 6, 7, 8 are double-symbol de-
codable, since there is only one off-diagonal term at each row of S̄H S̄ and the
decoding procedure is independently performed for pairs of symbols. These
remarks can be readily verified as in [43, 44, 48–50,87, 88, 102, 124,125], where
the same results are obtained for conventional FDFR-CIODs/ACIODs.
5.4 Conclusions
In this chapter, we provided some development techniques for the per-
formance improvement of STBCs from CIODs. First, we addressed the issue of
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efficient decoding for FDFR-CIODs over time-selective fading channels, where
the proposed linear quasi-ML and QR-decomposition-based D-DF decoding
methods outperform the existing linear ML decoding with neither significantly
increasing the decoding complexity nor experiencing an error floor in the high-
SNR regime. Furthermore, we investigated the effects of time-selective fading
channels and channel estimation errors on STBCs from CIODs as well as
conventional STBCs (i.e., Alamouti code and QSTBCs). The analytical and
simulation results reveal that FDFR-CIODs are considerably more robust,
by several dB, to the time-selectivity of fading channels than existing full-rate
STBCs. Finally, we presented a novel recursive codeword construction method
to systematically generate FDFR-CIODs. In addition, the design methodology
for non-square FDFR-ACIODs was also proposed.
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Chapter 6
Conclusions and Future Research
6.1 Summary of the Results
Transmit diversity techniques incorporating space-time coding in MIMO
wireless communication systems have emerged as a powerful tool for effectively
mitigating fading and thus achieving high link quality. Among several types
of space-time codes, STBCs have been of special interest, since they transform
the MIMO channel into a number of independent scalar channels and achieve
diversity gain with simple encoding and decoding procedures. In particular,
STBCs from CIODs for complex-valued symbols and more than two transmit
antennas have attractive features such as full-diversity full-rate transmission
and low-complexity single-symbol decodability. Thus, in this dissertation, we
extensively investigated the performance of STBCs from CIODs in both er-
godic and non-ergodic quasi-static frequency-nonselective Nakagami-m fading
channels. To effectively carry out the performance analysis, we derived ex-
act closed-form expressions, or very accurate closed-form approximations, for
some essential performance measures such as average channel capacity, SER,
outage capacity, IOP, and asymptotic diversity orders. Furthermore, we pro-
posed some efficient techniques for improving the performance of STBCs from
CIODs in time-selective fading channels and devised a recursive codeword con-
struction method. In more detail, our conclusions are summarized as follows.
After briefly overviewing the definitions and properties of STBCs from
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GLCODs and GCIODs, and the characteristics of a Nakagami-m fading chan-
nel model in chapter 2, we evaluated the ergodic performance metrics, such
as average channel capacity and average SPER, of STBCs from CIODs over
Nakagami-m fading channels in chapter 3. The derived exact closed-form
formula for the average channel capacity was used to investigate the achiev-
able transmission rate of STBCs from CIODs and to compare it with that of
conventional STBCs from CIODs, thereby demonstrating the superiority of
STBCs from CIODs over STBCs from GLCODs with respect to the transmis-
sion data rate. By using the derived accurate closed-form expression for the
average SPER, we obtained tight union upper and lower bounds on the aver-
age SER, which can be also exploited to acquire the optimum phase rotation
angle for an arbitrary constellation. In contrast to the existing criterion for the
optimum rotation angle, the proposed criterion is capable of (slightly) improv-
ing the error rate performance for various channel conditions in the high-SNR
regime, since it is derived in the sense of minimizing the average SER for an
arbitrary constellation. Furthermore, the full-diversity achievability of STBCs
from CIODs in ergodic fading channels was explicitly verified by the derived
SER-based asymptotic diversity order.
In chapter 4, we presented a framework for analyzing the outage per-
formance of STBCs from CIODs in non-ergodic Nakagami-m fading channels
by deriving closed-form approximate expressions for the outage capacity and
the IOP. We applied the second-order approximate mean and variance of mu-
tual information to the Gaussian approximation and Gamma approximation
techniques in order to ultimately derive very accurate closed-form approxi-
mate formulae for the outage capacity. It is noticeable that for the same
antenna configuration, the comparison between the outage capacities achieved
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by STBCs from GLCODs and CIODs justifies the superiority of STBCs from
CIODs, due to the code rate deficiency of STBCs from GLCODs. In addi-
tion, for the STBCs from CIODs with multiple transmit and receive antennas,
increasing the value of the Nakagami fading parameter offers diminishing re-
turns, since the codes already achieve high diversity gain. In an effort to derive
the very accurate closed-form approximations for the IOP, we also calculated
the PDF and CDF of the product of two i.i.d. Gamma random variables
and utilized the high-SNR approximation and the moment-matching approx-
imation techniques. Similarly to the case of the outage capacity comparison,
STBCs from CIODs outperform STBCs from GLCODs in terms of the IOP.
Furthermore, in conjunction with the derived IOP-based asymptotic diversity
order, we demonstrated that STBCs from CIODs achieve full-diversity even
in the non-ergodic Nakagami fading channel under consideration. We believe
that the analytical results given in chapter 3 and chapter 4 provide useful in-
sight into the system performance trade-offs and offer some practical means for
more precise system design, assessment, and improvement in various system
environments.
In chapter 5, in order to improve the performance of (in particular,
full-diversity full-rate) STBCs from CIODs in time-selective fading channels,
we proposed efficient linear quasi-ML decoding and QR-decomposition-based
decorrelating decision-feedback decoding methods. The proposed decoders ef-
fectively resolve the problem of the error floor occurrence in the high-SNR
regime, which is typically observed when the conventional linear ML decoding
is adopted. Our newly introduced “distortion index” was used to compara-
tively quantify the effects of time-selective fading and channel estimation error
on STBCs. In particular, it was verified that STBCs from CIODs are much
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more robust against the time-selectivity of fading channels than conventional
STBCs from GLCODs. Furthermore, we proposed a systematic codeword
construction method for full-diversity full-rate STBCs from CIODs, where the
CIOD for NT = 2 is recursively extended to NT = 2
N transmit antenna ele-
ments, and by performing some simple procedures, STBCs from CIODs with
various numbers of transmit antennas can be easily constructed.
6.2 Future Work
Based on our work in this dissertation, there are a wide variety of
possibilities for future research. Thus, we suggest some representative and
challenging topics as follows.
 More General Codes
Throughout this dissertation, the performance analysis and development
were mostly concentrated on STBCs from CIODs. In fact, the codes
are subset of STBCs from GCIODs, which are a more general class of
STBCs from CIODs. Furthermore, the performance evaluation for a
different class of CIOD-type codes, known as STBCs from ACIODs, was
not considered. Thus, one of the possible future research topics is to
investigate the ergodic and non-ergodic performance of the STBCs from
GCIODs and ACIODs by deriving corresponding closed-form expressions
for the essential performance measures. Another possibility for future
work is to design a new STBCs from CIODs with higher transmission
rate than 1 symbol/transmission (i.e., Rc > 1). It is expected that
the well-known constellation rotation [38, 47, 126] or power scaling [127]
techniques can be applied to design full-diversity high-rate STBCs from
CIODs.
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 More General Channel Model
In addition to the Nakagami fading channel model, the Weibull fad-
ing channel model also exhibits a good fit for indoor and outdoor envi-
ronments [128]. In particular, the IEEE Vehicular Technology Society
Committee on Radio Propagation has recommended the use of a Nak-
agami model or a Weibull model for theoretical research in order to
compensate for some drawbacks of the Rayleigh distribution [128, 129].
Thus, a recently rediscovered versatile envelope distribution, the gener-
alized Gamma distribution (also known as Stacy distribution or α − μ
distribution) [130–132], can be used to account for various fading con-
ditions, including Rayleigh, Nakagami-m, and Weibull distributions as
special cases, and log-normal distribution as a limiting case. Moreover,
in realistic wireless communication scenarios, spatial correlation between
the antenna elements can affect the error rate performance of a MIMO
system [25,85,133–137]. Hence, although we considered the i.i.d. fading
channel model, the analysis of the effects of spatial correlation on STBCs
from CIODs can be one of our future research topics. Furthermore, in
chapter 5, we considered the effects of time-selective fading channels and
channel estimation errors on the performance of STBCs from CIODs.
However, these were not directly reflected in the analysis of the perfor-


































































































































































where 1F1 (·; ·; ·) is the Kummer confluent hypergeometric function [91, 92].
For arbitrary q
2































k! (2 − q)k
⎤
⎦ . (A.5)
Thus, after some straightforward manipulations for (A.4) and (A.5), fW (w)
can be rewritten as















where φ, υ1,k, and υ2,k are given in (3.9). Moreover, averaging the instan-
taneous SPER given in (3.8) over the channel realization yields the average
SPER as follows
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fW (w) dw. (A.7)
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Combining (A.6) and (A.7) and using the well-known mathematical software





































































































Therefore, Theorem 3.3.1 expressed in (3.9) is completely proved.
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Appendix B
Proof of Corollary 4.2.1
Averaging the mutual information over the random fading channel
yields the mean of mutual information for STBCs from CIODs in (2.29)





















Owing to the fact that ‖H1‖2F and ‖H2‖2F are i.i.d. random variables, (B.1)
can be rewritten as
E {ICIOD} = Rc
2
[E {log2 (1 + αζ1)} + E {log2 (1 + αζ2)}]
= RcE {log2 (1 + αζ1)} , (B.2)
where α = ρ
RcNT /2
, ζ1 = ‖H1‖2F , and ζ2 = ‖H2‖2F . Then, by exploiting a series
expansion of log2 (1 + αζ1) about the expected value of ζ1 (i.e., ζ̄1), we obtain
its second-order approximation























By averaging (B.3), the second-order approximation for the mean of mutual
information can be expressed as














The variance of mutual information for STBCs from CIODs is given as
E
{I2CIOD} = R2c2 [E {(log2 (1 + αζ1))2}+ E2 {log2 (1 + αζ1)}] . (B.5)
In a similar way as in (B.3), we obtain


















































Substituting (B.7) into (B.5) and using the fact that var (ICIOD) = E {I2CIOD}
−E2 {ICIOD}, the variance of mutual information for STBCs from CIODs can
be approximated as

















Proof of Theorem 4.3.1
C.1 High-SNR Approximation
In the high-SNR regime, the mutual information of STBCs from CIODs
in (2.29) can be approximated as










where ζ1 = ‖H1‖2F and ζ2 = ‖H2‖2F . Then, the IOP can be also approximated
as

























Since ζ1ζ2 is the product of two i.i.d. Gamma random variables with the same







), the derivation of































where K0(·) is the modified Bessel function of the second kind of order zero.







)w mNT NR2 −1K0 (2m√w) . (C.4)
From (C.3) and the result in [138], the closed-form approximation for the IOP
of STBCs from CIODs in (4.10) can be derived as





























To achieve more accurate approximation, a moment-matching approxi-
mation technique [94] can be applied. If we introduce two independent random
variables ξ1 and ξ2 defined as ξ1 = 1+
ρ
RcNT /2























(cf. Lemmas 2.4.1-2.4.3). Then,
by exploiting a moment-matching approximation technique, it is possible to
approximate a weighted Gamma random variable to a single Gamma random
variable with different Gamma distribution parameters. Thus, we can express
ξ1, ξ2 ∼ G (p̄, q̄) , (C.6)
where two parameters p̄ and q̄ are determined such that both sides have the
same first two raw moments, which lead to E {ξ1} = p̄q̄ and E {ξ21} = var (ξ1)+




















. As a result,
the IOP of STBCs from CIODs can be written as







Since w̄ = ξ1ξ2 is a product of two i.i.d. Gamma random variables with






















Therefore, PMoment−Matchingout (R, ρ) of STBCs from CIODs in (4.11) can be read-
ily derived as











∣∣∣∣ 1q̄, q̄, 0
]
, (C.9)
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